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Alcoholism is a complex disease determined by both genetic and environmental 
components that exerts a devastating economic and social impact worldwide.  The 
complexity of this disease makes the elucidation of candidate genes for the susceptibility 
to alcoholism difficult in human populations, however, mouse model systems replicate 
many aspects of the disease and represent an excellent system for the investigation of the 
genetic contributions to alcoholism.  One component of alcoholism that can be 
investigated in mouse models is the predisposition to high alcohol consumption.  
Selectively bred and inbred mice differ markedly in the level of voluntary alcohol intake 
using a two-bottle choice paradigm.  The phenotype of voluntary alcohol consumption in 
mice is a complex trait and a genetic comparison between mouse models with similar 
levels of alcohol intake should identify genes that contribute to the predisposition for 
alcohol consumption.  Three different studies were completed at the University of Texas 
and candidate genes involved in the predisposition to high alcohol consumption in mice 
 vii
were identified through the use of brain transcriptome analysis.  In the first study, 3,800 
transcripts were identified that were divergent between 3 selected lines and 6 isogenic 
strains of mice known to differ in voluntary alcohol consumption. This list was filtered to 
reveal candidate genes associated with alcohol preference on mouse chromosome 9: 
Arhgef12, Carm1, Cryab, Cox5a, Dlat, Fxyd6, Limd1, Nicn1, Nmnat3, Pknox2, Rbp1, 
Sc5d, Scn4b, Tcf12, Vps11, Zfp291.  In the second study, analysis of voluntary alcohol 
intake and brain gene expression between two closely related inbred mouse substrains 
separated for nearly fifty years revealed divergent alcohol consumption as well as genetic 
variation between the substrains.  Finally, the third study revealed dominant and 
overdominant patterns of expression in an F1 hybrid that voluntarily consumed more 
alcohol than either inbred parental strain.  The microarray datasets analyzed here 
represent an important first step in the elucidation of the genetic determinants of high 
alcohol consumption in mice and will be influential in the discovery of genes that play a 
role in vulnerability to alcoholism in humans.              
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CHAPTER 1: INTRODUCTION 
ALCOHOL, ADDICTION AND HUMANITY 
Humankind has had a long love affair with ethyl alcohol.  Ethanol, in the form of 
beer and wine and much later in the form of distilled spirits, has been consumed by 
human civilizations since at least 4,000 B.C. and archaeological evidence suggests that 
Neolithic humans, circa 10,000 B.C., also consumed fermented beverages (Hansen 1995).  
Until the introduction of distillation methods in about 700 A.D., most alcoholic beverages 
were of low ethanol content and were probably consumed as a safe alternative fluid to 
water, which was likely contaminated by disease and dangerous to consume (Vallee 
1998). By the 19th century, highly concentrated forms of ethanol were cheap and widely 
available and alcoholism was being recognized as a serious and pervasive disease. 
Today, alcoholism affects millions of people worldwide and continues to be a 
serious problem in America.  Alcohol abuse and dependence in this country contributes 
to nearly 100,000 deaths annually (Mokdad, Marks et al. 2004) and drains over $150 
billion a year in alcohol related costs (Harwood, Fountain et al. 1999). Over half of all 
Americans know of a family member who has suffered or is suffering from alcohol 
dependence (Dawson and Grant 1998).  Worldwide, as many as 1 in 650 children are 
born with FAS (Fetal Alcohol Syndrome), a condition arising from exposure to alcohol in 
the womb that can lead to cognitive deficits, behavioral problems and facial deformities 
(Olegard, Sabel et al. 1979). 
Currently, there is no common cure for alcohol addiction.  Although many 
treatment options exist, it is not yet possible to predict if a given treatment will be 
successful and the results from different therapies vary from patient to patient.  Despite 
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variability in success rates, the most common form of treatment for alcohol dependence 
in the United States is still group counseling (McLellan, Carise et al. 2003).  A few drugs 
that take advantage of the pharmacology of alcohol on metabolic enzymes, disulfiram, 
and endogenous brain neurotransmitter systems, acamprosate and naltrexone, have been 
approved for the treatment of alcoholism in the United States and other similarly 
designed drugs have shown promise in clinical trials.  However, to date, no single drug 
therapy for alcoholism has proven efficacious in successfully treating all populations of 
alcoholics.  The tenuous link between disease state and treatment efficacy is likely due to 


















MOLECULAR TARGETS OF ALCOHOL 
Alcohol is a small and promiscuous molecule that exerts an effect in nearly all the 
organ systems of the body and has a wide range of targets within the nervous system.  
Initially, alcohol acts as a nervous system depressant that enhances inhibitory 
GABAergic transmission through potentiation of GABAA receptors and reduces 
excitatory glutamatergic transmission by inhibition of NMDA receptors (Eckardt, File et 
al. 1998) but alcohol also has an effect on many other neurotransmitter systems in the 
brain including the dopamine, serotonin, opioid and cholinergic pathways (Mereu, Fadda 
et al. 1984; Gessa, Muntoni et al. 1985; Campbell, Kohl et al. 1996; Cardoso, Brozowski 
et al. 1999; Oswald and Wand 2004).  Alcohol is also known to influence the activity of 
several 2nd messenger systems and transcriptional regulators including up-regulation of 
cAMP through CREB activation and activation of ΔFosB (Nestler 2005).  Other targets 
of alcohol include the stress pathway, which is targeted through activation of the 
hypothalamic-pituitary-adrenal (HPA) axis and through regulation of neuropeptides such 
as corticotrophin-releasing factor and neuropeptide Y (Cowen, Chen et al. 2004).  
Alcohol has an effect on many other brain proteins far too numerous to describe in detail 
here, but it should be evident that alcohol has a profound effect on many systems in the 








REWARD PATHWAYS AND THE DEVELOPMENT OF ADDICTION 
Drugs of abuse (heroine, cocaine, ethanol, nicotine, etc.) have various molecular 
targets in the brain and differ in their chemical composition but they all share a common 
defining feature; drugs of abuse target the brain’s reward system (Wise 1998; Nestler 
2005).  In the 1950’s it was discovered that electrical stimulation of certain brain regions 
had a rewarding effect in animals and this stimulation acted as stronger positive 
reinforcement for behavior than natural rewards like food (Olds and Milner 1954).  These 
initial observations led to the mapping of the brain regions and neural circuits involved in 
the reward system.   
The mesolimbic dopamine circuit is the central processor of the reward system.   
It includes dopamine neurons whose cell bodies reside in the ventral tegmental area 
(VTA) of the midbrain and send projections to the nucleus accumbens (NAc) and other 
targets in the limbic forebrain where they release the neurotransmitter dopamine (figure 
1.1).  This basic reward circuit modulates and is modulated in return by other brain 
regions and other neurotransmitter systems.  Multiple neurotransmitter systems play a 
role in the mesolimbic dopamine reward circuit including GABAergic, glutamatergic, 
opioid, serotinergic and cholinergic neurotransmitter systems.  Many different brain 
regions implicated in addiction are connected to the reward pathway as well, including 
the frontal cortex, hippocampus, amygdala and the hypothalamus.  The reward pathway 
is an evolutionarily ancient brain system that is thought to mediate survival by 
reinforcing critical behaviors such as food intake and sex.  Nearly all drugs abused by 
humans that are self-administered by animals activate the reward circuitry of the brain 
and lead to initial increases in dopamine levels in the NAc (Wise and Rompre 1989; 
Dackis and O'Brien 2005).  Alcohol, because it has an effect on most of the 
 5
neurotransmitter systems in the reward pathway and many diverse targets in the brain, 
can influence the reward pathway through multiple mechanisms (figure 1.2) 
Whether the reward center is being activated by natural rewards or drugs of abuse, 
stimulation of the reward pathway causes a release of dopamine in the reward centers of 
the brain which induces a positive sensation of euphoria.  Through positive 
reinforcement, drug intake becomes associated with pleasant sensations contributing to 
further drug use.  Both genetic and environmental factors can interact to produce 
individual variation in the initial response to a drug and each drug of abuse has a unique 
effect on the reward system. In individuals with genetic or environmental risk factors, 
initial exposure to a drug may seem more pleasurable or have less aversive effects.  These 
risk factors could contribute to repeated drug administration and to loss of control over 
drug intake, the hallmark of drug addiction.  Over time, repeated exposure to a drug leads 
to changes in gene expression as well as changes in the neuronal architecture of the brain, 
referred to as synaptic plasticity or neuroadaptation.  Neuroadaptation is part of a normal 
homeostatic mechanism that occurs as the brain adjusts to the presence of the drug and 
makes compensatory changes.  It has been hypothesized that repeated disruption of the 
reward centers or stress pathways of the brain can lead to pathway dysregulation.  The 
allostatic model of addiction proposes that, in response to continuous drug induced 
dysregulation, the brain adjusts to a new stable set point that is functional but 
pathological (Koob 2003).  The new, drug adjusted set point could contribute to negative 
dysphoric states such as tolerance, withdrawal and craving that promote drug abuse and 
addiction.  Figure 1.3 details the mechanism of progression to addiction.  Many theories 
of addiction exist that attempt to describe the major transition from casual drug use to 
compulsive drug use, for a review on neuropsychological theories of drug addiction, see 
(Le Moal and Koob 2007).  A major goal for the treatment and prevention of alcoholism 
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has been to define the genetic components that contribute to the genetic risk for or the 



























Figure 1.1: Reward circuits stimulated by drugs of abuse. The dotted lines indicate 
afferent pathways to the nucleus accumbens (NAc).  The blue lines indicate efferent 
pathways from the nucleus accumbens.  The blue shading indicates the location of 
GABAA receptor complexes. ARC, arcuate nucleus; Cer, cerebellum; DMT, dorsomedial 
thalamus; IC, inferior colliculus; LC, locus coeruleus; LH, lateral hypothalamus; PAG, 
periaqueductal grey; SC, superior colliculus; SNr, sbstantia nigra pars reticulatal; VP, 







Figure 1.2: The effects of alcohol and other drugs on dopamine release. 
Dopaminergic neurons in the ventral tegmental area (VTA) send 
projections to the nucleus accumbens (NAcc) where dopamine is released.  
Alcohol, nicotine and opioids have multiple targets within this circuit 













Figure 1.3: Addiction cycle.  Administration of a drug leads to activation of the 
reward center.  Continued drug use can lead to changes in the brain that compliment 
continued drug use.  Addiction is characterized by a lack of control over drug use.  
Genetic and environmental factors, although not shown in the figure, contribute to each 
step in the cycle (Dackis and O'Brien 2005). 
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THE HUMAN GENETICS OF ALCOHOLISM 
Alcoholism is a complex disease determined by many genetic and environmental 
factors.  Twin studies in humans have estimated that 30-60% of the risk of alcohol 
addiction is inherited (Walters 2002; Goldman, Oroszi et al. 2005; Hiroi and Agatsuma 
2005).  Detecting the genes that contribute to addiction is a daunting task; alcoholism is a 
heterogenous disease with multiple phenotypes likely influenced by many genes of small  
to moderate effect size that interact with environmental factors to produce the final 
disease state.  As a result of the complexity of the disease, it has been extremely difficult 
to associate genetic differences between human populations of alcoholics and non-
alcoholics with vulnerability for addiction. 
The primary method for detecting genes that contribute to alcohol related 
phenotypes in human populations has been linkage and association studies.  Both 
methods compare the frequencies of genetic polymorphisms between different human 
populations such as alcoholics and non-alcoholics.   However, linkage analysis consists 
of whole genome scans for regions of interest that contain genes contributing to addiction 
with no a priori assumptions about the location of the genetic polymorphisms whereas 
association studies limit the analysis to specific candidate genes hypothesized to be 
involved in the phenotype of interest.  Although these types of analyses have proven 
useful for the identification of candidate genes involved in monogenic diseases for which 
a single loci exerts a large effect, the large number of small effect size genes involved in 
alcoholism has made gene identification difficult (Enoch 2003).   In order to detect these 
small effect genes, large sample sizes and well defined populations are required to 
perform these types of analyses.  The presence of confounding factors, such as the 
comorbidity of alcoholism with other psychiatric disorders and general substance abuse, 
can lead to conflicting results.  Despite the existence of large and carefully phenotyped 
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datasets, including families of alcoholics and non-alcoholics from the Collaborative 
Study on the Genetics of Alcoholism (Begleiter H 1995), relatively little progress has 
been made in definitively identifying genes associated with the risk for alcoholism.  A 
recent review of alcoholism association studies  revealed that, after decades of research, 
only a handful of genes are reliably associated with alcoholism in different human 
populations of alcoholics; these include genes involved in the metabolism of alcohol, 
ADH and ALDH, and GABA neurotransmission (Kohnke 2007).  Tentative associations 
have been found for many genes involved in synaptic transmission and other 
neurobiological processes but the significance or the direction of the association of these 
genes with the addiction phenotype often varies  depending on which populations are 
being tested (Kohnke 2007).  Genome wide linkage studies in humans using dense 
marker mapping have identified several regions of interest for the genetic involvement in 
alcohol and addiction, but further testing will be required to identify the specific genes 
that contribute to alcoholism within each chromosomal region (Johnson, Drgon et al. 
2006; Liu, Drgon et al. 2006; Agrawal, Hinrichs et al. 2007).   
Alcoholism likely manifests in humans based on the interaction of different 
environmental circumstances, such as age of onset or childhood trauma, with various 
subsets of genes that contribute to different phenotypes, such as personality traits, stress 
responsivity or mental illness (Kreek, Nielsen et al. 2005).  The complexity of these 
interactions probably produces many different populations of alcoholics and each 
population may share common genetic risk factors whose effect size is minimized beyond 
detection when different populations are combined and analyzed in linkage or association 
studies.  The use of intermediate phenotypes (endophenotypes) associated with 
alcoholism that discriminate between subgroups is one attempt that has been made to sort 
through the tangled mess of genetic and environmental issues that convolute our 
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understanding of the genetics of alcohol abuse and addiction (Schuckit 2000).  A 
reduction in complexity is a necessary requirement for improving our understanding of 
this devastating disease and the enlistment of animal models that mirror different aspects 
of the disease state in humans has greatly increased our understanding of the genetic 















GENETIC ANIMAL MODELS 
Alcoholism is a human condition, but animals as diverse as our fellow primates 
and the invertebrate fruit fly have been used to model different components of 
alcoholism.  Non-human primates are intriguing animal models with regards to addiction 
biology because of the genetic, behavioral and neuroanatomical similarities to humans.  
Ethical issues aside, there are many disadvantages to working with non-human primates 
that limit their widespread use as a genetic model system for studying alcohol related 
behaviors including cost, a long reproductive cycle and limited genetic techniques (Barr 
and Goldman 2006).  Invertebrate systems such as Drosophila melanogaster, are cheap to 
maintain, have short life cycles and offer an excellent genetic model system.  The fruit fly 
has been used to investigate the genetic components of alcohol tolerance (Ghezzi, Al-
Hasan et al. 2004; Scholz, Franz et al. 2005) and sensitivity to alcohol (Corl, Rodan et al. 
2005; Rothenfluh, Threlkeld et al. 2006) but it is difficult to recapitulate some of the 
more complicated aspects of the human disease such as motivation to drink, craving and 
relapse.  Based on cost, speed, genetic utility and the ability to replicate many different 
aspects of alcoholism, rodent models have been the research organism of choice in the 
alcohol field for over half a century. 
Rodent models  
The Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition 
(DSM-IV) describes several human behaviors that are used in the diagnosis of 
alcoholism: tolerance, increased amounts are needed to achieve the desired effect; the 
presence of withdrawal symptoms after cessation of drinking; consuming more alcohol 
than intended; desire or unsuccessful attempts to reduce drinking; spending a large 
amount of time recovering or acquiring alcohol; drinking interferes with social or 
occupational duties; and continued use of alcohol despite the detrimental effects of 
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continued drinking (American Psychiatric Association 1994).  While these diagnostic 
criteria do not capture all the intricacies of human related behavior, they have been used 
to judge the validity of animal models of addiction (Tabakoff and Hoffman 2000). No 
rodent model is expected to capture all of the elements of the human disease, but rat and 
mouse genetic model systems do replicate different aspects of the addiction process, such 
as tolerance and withdrawal.  Rodents are also excellent genetic models for human 
diseases because the rodent and human genomes contain many syntenic regions (Mural, 
Adams et al. 2002).  Rodent model systems also demonstrate voluntary self 
administration of alcohol which is an extremely important component for studying 
alcoholism because drug addiction is always preceded by repeated voluntary drug intake. 
Voluntary alcohol consumption 
Many different experimental procedures have been developed in which rats and 
mice will voluntarily self administer solutions of alcohol (Tabakoff and Hoffman 2000; 
Spanagel 2003).  The simplest of these techniques is two-bottle choice alcohol 
consumption.  In this paradigm rodents are offered a choice of either water or an alcohol 
solution.  Most rodents find low concentrations of alcohol (roughly less than 6% alcohol 
and water) appealing and will readily prefer to drink alcohol over water.  At higher 
concentrations (most studies use 10% to 15% concentrations of alcohol to water) there is 
variability in the level of alcohol each rodent model consumes.  Outbred rodent 
population with heterogeneous genetic backgrounds show individual variation in the 
amount of alcohol consumed indicating that alcohol consumption is a quantitative trait.  
This paradigm also measures preference for alcohol; a ratio greater than 50% alcohol 
volume to total volume consumed indicates a preference for the alcohol solution.  Many 
different studies have characterized the level of alcohol preference for and the voluntary 
consumption of different concentrations of alcohol using two-bottle choice paradigms in 
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different rodent models.  The level of intake varies in a quantifiable and highly replicable 
manner between different genetic model systems, across laboratories and even over time 
(Wahlsten, Bachmanov et al. 2006). Two-bottle choice consumption of alcohol does not 
directly measure the motivation to drink or the subjective rewarding properties of alcohol 
in the rodent model system but it is a genetically determined trait and the genes involved 
in high alcohol consumption in rodents are likely candidate genes for the contribution to 
addiction vulnerability in humans. 
Selectively Bred Lines 
Selective breeding takes advantage of population heterozygosity.  Two-bottle 
choice alcohol consumption is a quantitative trait, so in a normally distributed population 
there will be a range of individuals that vary between high and low alcohol consumption.  
Over many generations, selective breeding of high and low responders lengthens the 
magnitude of the drinking response leading to a high alcohol drinking line and a low 
alcohol drinking line.  If selection begins with a heterozygous (outbred) population and 
extensive inbreeding is avoided, the resulting high and low selectively bred lines should 
capture genes responsible for the level of consumption and unrelated genes will be 
randomly distributed in each line. 
 Several rat and mouse selectively bred lines have been created based on 
high and low levels of alcohol consumption in the two-bottle choice paradigm.  The Alko 
Alcohol (AA) and Alko Nonalcoholic (ANA) rat lines were generated in Finland and the 
sP rat was generated in Sardenia.  Two rat lines, alcohol preferring (P) and high alcohol 
drinking (HAD), were generated in the United States at Indiana University.  Both the AA, 
ANA, sP, P and HAD lines were the result of a bi-directional selection from 
heterogenous rat stock (Wistar) (Eriksson 1968; Li, Lumeng et al. 1993; Colombo, 
Agabio et al. 1997). There is much evidence to suggest that these lines of selectively bred  
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rats may capture multiple aspects of alcohol addiction and further genetic dissection of 
alcohol related traits in these model system should advance our understanding of the 
disease in humans (Sinclair, Le et al. 1989; Agabio, Cortis et al. 1996; Lobina, Agabio et 
al. 1997; Moller, Wiklund et al. 1997; Devoto, Colombo et al. 1998; Bell, Rodd et al. 
2006).  A comparison of the shared behavioral phenotypes and genotypes in each line 
selectively bred for high two-bottle choice alcohol consumption could lead to 
identification of the genetic determinants of each behavior.  Bidirectional selection for 
two-bottle choice alcohol consumption has also led to the development of selectively 
bred mouse lines.  High and low alcohol preference mice (HAP and LAP respectively) 
originated from an outbred progenitor strain (HS/Ibg) and show a large difference in 
alcohol consumption and no difference in alcohol elimination or taste discrimination 
(Grahame, Li et al. 1999).  Short-term bidirectional selective breeding from an F2 
intercross of two inbred strains of mice with large differences in alcohol consumption 
(C57BL/6J and DBA/2J) has also been exploited (STS lines) to enhance identification of 
genes involved in alcohol consumption (Belknap, Richards et al. 1997; Mulligan, 
Ponomarev et al. 2006).   
Inbred Strains 
Inbred strains of mice are a powerful rodent genetic model available for the 
elucidation of alcohol related traits.  Not only are inbred strains of mice virtually 
homozygous at all alleles, each inbred strain represents a genetic stock that, with proper 
quality control measures, is stable over time.  This genetic homogeneity has been 
harnessed to investigate the link between phenotype and genotype and to manipulate 
specific genes.  Essentially, the key to the creation of inbred lines is repeated sibling 
mating; after about 40 generations of brother and sister mating, nearly all alleles will be 
homozygous.  Many inbred strains are widely available for use in experimental settings 
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and most have been extensively characterized genetically or genealogically (Beck, Lloyd 
et al. 2000).  The voluntary alcohol consumption in many inbred strains of mice has been 
well characterized (figure 1.4) and there is a wide range in the levels of alcohol 
consumption between strains (Belknap, Crabbe et al. 1993).  One inbred strain, C57BL/6, 
consistently consumes more alcohol than any other inbred strain while other inbred 
strains, such as DBA/2, are stout alcohol non-drinkers.  Because of the divergence in 
alcohol consumption between C57BL/6 (B6) and DBA/2 (D2), both inbred mouse strains 
have been used as model systems to elucidate the genetic components of alcohol 
consumption.  One technique that has provided many candidate genes for high alcohol 
consumption in mice is quantitative trait loci (QTL) analysis.   
QTL analysis can identify regions of the genome that contain genes associated 
with specific quantitative phenotypes.  Recombinant inbred (BxD RI) strains are created 
by crossing the B6 and D2 inbred strains.  The resulting B6.D2 F1 hybrids are allowed to 
breed and the BxD RI strains are generated from repeated inbreeding of the F2 
population. Each BxD RI strain contains a mixture of parental genes, however, the alleles 
inherited from each parental strain have essentially been fixed to homozygousity.  
Therefore, the allelic variation in each BxD RI strain can be correlated with phenotypic 
variation by QTL analysis.  Figure 1.5 provides a summary of the known QTL regions 
for alcohol preference and consumption between the high alcohol consuming B6 strain 
and the low alcohol consuming D2 strain.  Much like human linkage and association 
studies, QTL analysis can define broad regions of the chromosome that contain genes 
related to alcohol consumption in mice.  In mice, however, QTL regions can be narrowed 
in order to identify candidate genes contributing to the phenotype of interest using 
congenic mice.  Congenic strains of mice can be created by backcrossing mice that 
contain homozygous alleles from one parental strain in a discreet chromosomal region to 
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the other parental strain.  Repeated backcrossing will lead to the creation of mice that 
contain a small region that contains homozygous alleles from one parent strain while the 
remaining genome contains relatively homozygous alleles from the other parental strain. 
Using this technique in BxD RI strains, several regions corresponding to alcohol QTL 
have been captured that contained B6 alleles within the QTL region and D2 alleles at all 
other loci in the genome.  The reverse case, D2 alleles within the QTL region and B6 
alleles at all other locations, can also be generated in this manner.  B6xD2 congenic 
strains can be assayed for alcohol related phenotypes and the QTL interval can be 
reduced making candidate gene identification more likely.  Many congenic strains have 
been generated, including strains congenic for QTL regions on chromosome 2 and 9 that 














Figure 1.4: Voluntary alcohol consumption in inbred mouse strains.  C57BL/6 mice 
consume more alcohol than any other inbred strain.  The DBA/2 inbred strain consumes 
very little alcohol. Consumption is measured in grams of alcohol consumed per 




Figure 1.5: Alcohol preference QTLs.  Regions of the mouse genome containing 
genes associated with alcohol consumption and preference based on QTL analysis in 
BxD RI strains are indicated by the red arrows. Modified from (Crabbe, Phillips et al. 
1999). 
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Genetically engineered mice 
In many ways, rat selected lines offer a more complete model system for 
alcoholism in terms of behavioral similarities to human alcoholics, however, gene 
manipulation in mice is far superior to that of rats.  The ability to knockout genes or 
create transgenic animals that have altered expression levels of a gene or express altered 
genes has provided a wealth of information about the role of candidate genes in behavior 
and disease.  The targeted manipulation of many different genes has been shown to affect 
the levels of alcohol consumption, however, an analysis of behavioral changes after gene 
manipulation should always include considerations for the background of the animal in 
which the manipulation was performed as well as the effect of possible compensatory 
changes in the system.  For brain and behavioral genes, conditional knockouts are often 
useful for more discreet analysis of gene function.  For a detailed survey of alcohol 














MICROARRAY ANALYSIS  
The introduction of microarray technology in 1995, (Schena, Shalon et al. 1995) 
revolutionized molecular biology and led to the development of new techniques for the 
global measurement of mRNA, miRNA, genomic DNA, proteins and many other 
biological molecules.  Global analysis of gene expression utilizes the availability of 
sequenced genomes to create arrays that contain thousands of spots of DNA that 
represent all or most of the genes of the organism in question.  Most microarray platforms 
consist of arrays that contain either cDNA or oligonucleotide spots.  Oligonucleotide 
arrays are composed of spots containing small oligonucleotides, ~25 nucleotides, 
designed exclusively from sequence information that can be printed or synthesized 
directly onto the array (Lipshutz, Fodor et al. 1999). Using a match, mismatch system, 
oligonucleotide arrays can improve the signal to noise ratio in experimental data but 
because multiple oligonucleotide probes are used to represent a gene product, space 
becomes a limiting issue.   cDNA arrays consist of longer expressed sequences that 
represent both known genes and expressed sequences tags (ESTs) of unknown origin.  
cDNA arrays are relatively inexpensive and more genes can be represented on a single 
array but the quality control is not as advanced as for oligonucleotide arrays and more 
steps are involved in cDNA fabrication (figure 1.6).  In both cases, the measurement of 
gene expression involves the collection of mRNA from the samples of interest which are 
then reverse transcribed into cDNA and labeled with a fluorescent dye (usually cyanine-
3, Cy-3, which appears green or cyanine 5, Cy-5, which appears red).  Labeled cDNA is 
hybridized to the microarray and the level of hybridization to each spot is indicated by 
the level of fluorescence which is detected and quantitated by a laser scanner.  Most 
cDNA arrays compare the hybridization of two samples which yields variations of green, 
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red and yellow spots depending on the level of binding of each sample to a single 
position in the array (figure 1.6).   
A wealth of microarray data sets have been completed and nearly 4,000 are 
available for public use from the Gene Expression Omnibus (GEO) database 
(www.ncbi.nlm.nih.gov/geo) (Barrett, Troup et al. 2007).  Many brain expression 
analyses have been completed for genetic animal models that were exposed to different 
alcohol treatments (Worst and Vrana 2005) and for post-mortem brain samples of human 
alcoholics and controls (Lewohl, Wang et al. 2000; Mayfield, Lewohl et al. 2002; 
Sokolov, Jiang et al. 2003; Iwamoto, Bundo et al. 2004; Flatscher-Bader and Wilce 2006; 
Liu, Lewohl et al. 2006).  For animal models that have been exposed to alcohol, the 
different levels of alcohol and the different routes of administration can lead to 
inconsistency between microarray results.  Also, because of the promiscuity of alcohol’s 
actions on the nervous system, alcohol can change the level of many transcripts and this 
response is often small.  These issues might complicate large scale comparisons between 
microarray datasets for which alcohol was consumed in different quantities.  Human 
microarray studies are very useful in measuring the consequences of long term alcohol 
abuse on the brain but they were not designed to investigate the role of genetics in the 
development of alcohol addiction.  Microarray analysis between genetic mouse models 
that differ in voluntary alcohol consumption should elucidate candidate genes that play a 
role in this behavior.  The inclusion of alcohol naïve animals in the gene expression 
analysis allows for future comparisons across microarray datasets for genetic 
commonalities between models.  The research presented in the next 3 chapters involves 
the use of microarray analyses to compare brain gene expression between alcohol naïve 
genetic mouse models that differ in the level of voluntary alcohol consumption.  The long 
term goal of this research is to identify genes that contribute to high voluntary alcohol 
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intake in mice and, ultimately, to identify candidate genes for alcoholism susceptibility in 
humans. Portions of the text and some of the figures and tables in chapter 2 were 
published previously in an article in the Proceedings of the National Academy of Sciences 
in April 2006 (Mulligan, Ponomarev et al. 2006) and are reprinted with the copyright 



















Figure 1.6: Microarray technique.  Overview of the cDNA microarray process from 
microarray printing to hybridization and visualization (Duggan, Bittner et al. 1999). 
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Chapter 2: Microarray Meta-analysis on Mouse Genetic Models with 
High and Low Levels of Alcohol Consumption 
INTRODUCTION 
An understanding of the molecular mechanisms underlying the genetic propensity 
toward excessive alcohol consumption is crucial for the development of new treatments 
for alcoholism.  Animal models for alcohol-related traits provide an important 
opportunity to explore mechanisms responsible for different aspects of the uniquely 
human disease (Crabbe 2002).  In particular, selected lines and inbred strains of mice 
with a divergence in voluntary alcohol drinking represent valuable tools to dissect the 
genetic components of alcoholism (McClearn 1970; Phillips, Terdal et al. 1990; 
Grahame, Li et al. 1999; Phillips, Belknap et al. 2002).  However, each model has 
advantages and disadvantages.  Selected lines exploit homozygosity for large-effect and 
some small-effect allelic variants that contribute to the phenotype of divergent alcohol 
preference and consumption, while the remaining genome remains relatively 
polymorphic.  Each individual selection line is likely to capture a different complement 
of genes that play a role in the phenotype of interest, even in replicate lines.   However, 
as the selection continues, fixation of genes unrelated to the selected phenotype occurs 
due to genetic drift.  In contrast to selected lines, inbred strains are homogeneous at all 
alleles.   Genetic (allelic) differences between strains lead to observed phenotypic 
differences, however, any two strains will differ for numerous phenotypes (including 
gene expression), and identification of the specific genes for a given trait is difficult.   
The purpose of this study is to use a meta-analytic approach to identify candidate 
genes that contribute to the genetic propensity to drink by combining whole-brain gene 
expression databases of different genetic mouse model systems with divergent voluntary 
alcohol consumption.   In addition to detecting large effect genes, this approach should 
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allow for the identification of small- or moderate-effect genes.  The genetic mouse 
models used in this study consisted of 3 different sets of oppositely-selected lines bred for 
high and low alcohol drinking, 5 inbred strains known to differ in voluntary alcohol 
consumption, and 1 hybrid strain recently shown to have the highest voluntary alcohol 
consumption of any known mouse genotype (Blednov, Metten et al. 2005) (table 2.1).  
Global microarray measurement of brain gene expression in each of the above mouse 
models allowed for the detection of transcripts consistently changed in models with high 
or low alcohol intake.  It is important to note that the mice used for array analysis were 
not exposed to alcohol; thus, we are defining the transcriptional signatures of genetic 
predisposition to high and low alcohol consumption.  Expression analysis of an additional 
mouse line congenic for a section of chromosome 9, which contains genes that regulate 
alcohol consumption (Belknap and Atkins 2001), allowed for the identification of 
candidate qualitative trait genes (QTGs) for this quantitative trait locus (QTL).   
Analysis across microarray datasets for common changes in expression provides 
more statistical power to detect small and reliable changes than analysis of any one or 
two of the data sets.  Meta-analyses of diverse gene expression datasets has been used 
previously to successfully uncover genes related to carcinogenic phenotypes (Rhodes, 
Barrette et al. 2002), but a similar approach has not been previously employed for a 
neurobehavioral trait (for a review of meta-analyses of microarray data, see Moreau, 
Aerts et al. 2003). In this study, we employ a meta-analysis of expression data from 
different mouse genetic models of high and low levels of alcohol consumption to define 
functional pathways and identify individual genes that may determine a predisposition for 













Table 2.1: Mouse models and microarrays used.  Three selected lines (data sets 1-3) 
and the 6 isogenic strains (data sets 4 and 5) were used to form four groups for the meta-
analysis.  The congenic line (data set 6) was used as a filter to select genes from the meta-
analysis. STS, short-term selection; F, female; M, male. Data set 1 was contributed by 
R.J.Hitzemann, J.C.Crabbe, and J.K.Belknap. Data sets 2 and 3 were contributed by 
B.Tabakoff.  Data sets 5 and 6 were contributed by the University of Texas 
(M.K.Mulligan and S.E.Bergeson). Previously published in Mulligan, Ponomarev et al. 
2006. 
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RESULTS AND DISCUSSION 
Use of Cohen’s d as an effect size measure allows for the comparison of microarray 
experiments from diverse sources  
Five experimental microarray (Affymetrix and custom cDNA) datasets of mice 
genetically divergent in measures of voluntary alcohol consumption were analyzed for 
differential gene expression using the Cohen’s d statistic (Rosenthal 1994).  The initial 
meta-analysis comprised 13 individual microarray data sets from three groups of selected 
lines and one group of 6 isogenic strains (table 2.1).  A sixth microarray dataset 
consisting of B6.D2 congenic 9 animals is used later as a filter for the initial meta-
analysis.  Two advantages of the Cohen’s d approach are important.  First, data from 
different platforms and different laboratories can be combined without the use of 
normalization.  Second, small differences, which are consistent in the direction of change 
can be detected, even though these changes would not be detected in any single dataset.  
 After calculating Cohen’s d for each data set (figure 2.1A), a pairwise 
comparison of common changes was applied to test the compatibility between the four 
datasets and evaluate the use of Cohen’s d to normalize expression data from separate 
platforms and different laboratories.  The number of transcripts regulated in the same 
direction between each pair of datasets is significantly greater than chance for five out of 
six pairs.  When all four datasets are compared, the number of transcripts regulated in the 
same direction is nearly 2-fold over the chance level (χ2, p<0.00001). The lower 
similarity seen between selected lines and inbred strains, compared to the pairs of 
selected lines, likely reflect differences in genetic background; an enrichment of alleles 
linked to alcohol preference in selected lines and a relative randomness of such alleles in 
inbred strains.   
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An overlap in regulation between mouse models sharing the same alcohol 
phenotype is readily detectable despite the use of microarray datasets from different 
animal models and platforms.  Similarly, the distribution of z-test p-values for the meta-
analysis of the four data sets is skewed to the left indicating a high number of 
significantly co-expressed genes detected by the meta-analysis (figure 2.1B).  The shape 
of the histogram also suggests a low incidence of false positives consistent with the 
calculated Q values.  Thus, the use of Cohen’s d in our meta-analysis allows for the 
detection of transcripts significantly divergent between genetically distinct high and low 





















Figure 2.1: Comparison of microarray data sets.  (A) The number of transcripts 
regulated in the same direction between any two (left y axis) or all four (right y axis) data 
sets (P<0.0001, χ2). n.s., not significant. (B) Frequency distribution of z test P values (x 
axis) is shown.  The solid line represents theoretical chance distribution. IS, inbred strain.  
Previously published in Mulligan, Ponomarev et al. 2006.  
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Meta-analysis identifies candidate genes for high and low levels of alcohol 
consumption   
Use of Cohen’s d values between the high and low alcohol drinking mouse strains 
and lines across datasets resulted in the identification of 5,182 significant  (|d| < 0.5 and 
Q < 0.05) differentially expressed transcripts (supplemental table of all significant genes 
available on the PNAS website at http://www.pnas.org), representing 3,800 unique genes.  
The meta-analysis results are visualized as a remarkable consistency in gene expression 
changes across the four microarray datasets when displayed as a pseudo-color raster of 
the highly significant (Q < 0.01) transcripts (figure 2.2A).  Red and green indicate 
transcripts over and under-expressed in high alcohol consuming animals, respectively.  In 
general, more transcripts appear to be up-regulated in the high consuming models relative 
to low consuming models. 
 The sheer number of significant differences suggests that numerous 
pathways in the brain may be altered between high and low alcohol consuming mouse 
models.  Indeed, the seventy-five genes from figure 2.2 with the largest absolute effect 
size and lowest q-value (figure 2.2B) fall into the broad categories of cellular homeostasis 
and neuronal function.  Several genes of interest include the up-regulated (expressed 
higher in high drinking compared to low drinking mice) genes B2m, Man2b1, Scn4b, 
Mapre1, Prkce and Sst which function in immunity/cellular defense, glycosylation, ion 
channel activity, microtubule binding/dynamics, intracellular signaling cascades and 
neuronal signaling, respectively.  B2m, Scn4b and Prkce are genes of special interest 
because they have previously been identified as important for neuronal functions.  B2m 
(β2 microglobulin) may play a role in neuronal plasticity as B2m knockout mice exhibit 
abnormal synaptic connections as well as altered patterns of long-term potentiation and 
long-term depression (Huh, Boulanger et al. 2000).  Scn4b (sodium channel β4) is an 
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auxiliary subunit of voltage-gated sodium channels which can alter channel function as 
well as the interaction between the ion channel and other proteins (Yu, Westenbroek et al. 
2003).  In cerebellar Purkinje cells, Scn4b may be required for high-frequency firing of 
voltage-gated sodium channels (Grieco, Malhotra et al. 2005).  A role for Prkce (protein 
kinase C-ε) in ethanol consumption is supported by the observation that Prkce knockout 
mice consume less alcohol when compared to controls in a two-bottle choice drinking 
paradigm and introduction of conditional Prkce expression in these mice was sufficient to 
restore alcohol drinking levels (Hodge, Mehmert et al. 1999).  Gnb1, Hmgn2 and Hyou 
are significantly down-regulated in alcohol-preferring mice compared to non-preferring 
mice.  Gnb1, Hmgn2, and Hyou function in GTPase activity/signal transduction, DNA 
binding/packaging and the cellular response to stress, respectively. The overall results of 
the meta-analysis show the complexity of the alcohol drinking phenotype as indicated by 
the surprisingly large number of consistent, small increases or decreases in gene 































Figure 2.2: Visual representation of microarray data. The criterion for inclusion was Q < 
0.01.  A positive effect size (red) represents high expression in preferring mouse models and a 
negative effect size (green) represents lower expression in preferring mice. Black indicates an 
effect size close to zero. (A) Transcripts (2,697) sorted from high to low effect size. (B) The 
top 75 transcripts based on highest and lowest effect size (Q<0.05, |d| > 1.94). STS, short term 
selection; IS, inbred strain. Previously published in Mulligan, Ponomarev et al. 2006. 
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In silico overrepresentation analyses reveal potential significant regulation by 
transcription factors and functional pathways  
Nearly 10% of the mouse genome was detected as being divergent between the 
high and low alcohol-preferring mouse models. It is possible that linkage disequilibrium 
could account for the surprisingly large number of consistent changes detected by the 
meta-analysis.  Linkage disequilibrium is the tendency of closely linked genes to be co-
expressed.  Another explanation could be that some of the risk-conferring QTG are 
transcriptional regulators. To test the later hypothesis,  the oPOSSUM database 
(http://www.cisreg.ca) (Ho Sui, Mortimer et al. 2005) was used to detect overrepresented 
transcription factor binding sites (TFBSs).  oPOSSUM identifies transcription factor 
binding sites (TFBSs) in conserved (orthologous between human and mouse) non-coding 
promoter regions located within 0-2000 bp upstream of a gene’s transcription start site.  
Current in silico methods for promoter analysis are still evolving and it is not yet possible 
to complete an exhaustive analysis of all possible TFBS in the mammalian genome.  
Because it is likely that a large number of potential TFBS will be overlooked due to the 
previously discussed shortcomings involved with promoter analysis, a very conservative 
approach was taken in order to minimize the number or false positives and maximize the 
likelihood that the few TFBS that could be detected would be statistically more likely to 
be accurate.  The analysis provided by the oPOSSUM database is very amenable to this 
goal and is very conservative with strict  requirements; simulation studies have suggested 
that it detects few false positives (Ho Sui, Mortimer et al. 2005). 
 Significant transcripts from the meta-analysis were separated into two 
distinct lists containing transcripts up- and down-regulated in preferring mice relative to 
non-preferring mice.  Although there were more up-regulated than down-regulated 
transcripts evaluated by oPOSSUM, only 4 transcription factor binding sites were found 
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to be significantly overrepresented in up-regulated genes, whereas eighteen transcription 
factor binding sites were found to be significantly overrepresented in down-regulated 
genes (table 2.2).  HRF-2, SAP-1, Bsap and STAF binding sites were found to be 
overrepresented in up-regulated genes.  Several of the up-regulated genes had multiple 
TFBSs in their upstream promoter regions suggesting the involvement of a common 
regulatory network or control pathway for alcohol preference.  It should be noted that 
some TFBSs (e.g. HFH-2 and HFH-3-1; NRF-2 SAP) have similar consensus sequences, 
which could lead to similar rankings in oPOSSUM. The TFBS for Staf, (selenocysteine 
RNA gene transcription activating factor) is recognized by Zfp143 and was identified as 
overrepresented in the up-regulated genes (for high alcohol drinking). The STAF TFBS 
was present in the upstream (2000 bp) promoter regions of 64 genes. Importantly, Zfp143 
expression was also found to be significantly up-regulated across the high drinking 
models.   The TFBS for the fork-head box transcription factor Foxa2 (HNF-3 β, 
hepatocyte nuclear factor 3β) was detected as overrepresented across the down-regulated 
gene group and present in 146 genes. Again, Foxa2, itself, was found to be significantly 
down-regulated in the meta-analysis.  Fork-head transcription factors are known to 
regulate cell differentiation and tissue development, are involved in immune and 
hormone responses, and have recently been shown to regulate neuronal function and 
overall lifespan and other biological processes too numerous to mention here (Coffer and 
Burgering 2004; Fukunaga, Ishigami et al. 2005; Grieco, Malhotra et al. 2005; Laganiere, 
Deblois et al. 2005; Morris 2005; Phillips, Broadbent et al. 2005).  In both the case of 
Foxa2 and Zfp143, the overrepresented TF has the same pattern of expression as its target 
genes and is an example of how a change in the expression of a particular transcription 
factor could potentially account for changes in the levels of many genes. It is easy to 
imagine, as evidenced by the large number of gene targets for both Zfp143 and Foxa2, 
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how small changes in the levels of a transcription factor could cause profound differences 
in the brain transcriptome and may account for the large number of gene expression 
changes (3,800 genes) detected in this meta-analysis. An understanding of how changes 
in the expression level and/or activity of transcriptional regulators affects the 
predisposition towards alcohol consumption phenotypes warrants further investigation. 
In order to better understand possible global interactions of the divergent genes, 
over-representation analyses for function were completed.  Such analyses apply statistical 
methods to estimate whether some biological function/pathway is represented in a given 
dataset more than expected by chance.  Using the WebGestalt search engine 
(http://genereg.ornl.gov/webgestalt/), which queries different databases including KEGG, 
BioCarta and GO (gene ontology) (Zhang, Kirov et al. 2005), functional group analysis 
revealed that kinase and signaling pathways were overrepresented in genes divergent 
between alcohol-preferring and non-preferring genotypes.  The result supports previous 
suggestions that the MAPKinase, NF-KB and IL6 signaling pathways (and CREBBP) are 
sensitive to alcohol and alcohol withdrawal (Jeong, Hong et al. 2005).  Known functional 
interactions (summarized in figure 2.3) show that gene transcription pathways 
predominant in the overrepresented categories and apoptosis/anti-apoptosis, 
neurodegeneration, and neuroplasticity pathways were also functionally over-represented 
(for a complete list see tables 2.3 and 2.4).  In silico functional analyses are powerful 
tools for hypothesis generation, especially for complex phenotypes such as predisposition 
toward alcohol drinking.  It should now be feasible, for example, to test the effect of the 


























Table 2.2: Overrepresented transcription factor binding sites.  oPOSSUM was used to 
find transcription factor binding sites that were overrepresented for genes up-regulated in 
preferring mice and down-regulated in preferring mice.  Genes from the meta-analysis 
that had q<0.05 and an average |d|<0.5 were selected for transcription factor binding site 
overrepresentation analysis.  This gene list was separated into genes up-regulated in 
preferring mice (2,388 with 1,011 analyzed in oPOSSUM) and genes down-regulated in 
preferring mice (1,580 with 546 analyzed in oPOSSUM).  Criterion for significant 
overrepresentation was p<0.05.  Interestingly, fewer binding sites are found to be 





















Figure 2.3: Functional pathways altered between high and low alcohol consuming 
mouse models.  Genes present in at least three overrepresented functional 
groups/pathways from BioCarta, KEGG and Gene Ontology are shown.  Larger font sizes 
represent either smaller P values for functional groups/pathways or larger effect size for 
individual genes. (p<0.001, Q<0.01 and |d|>0.5 for all genes). Lines connect gene 
symbols with relevant functional groups. Arrows indicate pathway connections. 





Table 2.3: Overrepresented Biocarta Pathways from the meta-analysis. All 
pathways significantly overrepresented at the p<0.05 level are shown.  Published 





Table 2.4: Overrepresented KEGG Pathways from the meta-analysis.  All pathways 
significantly overrepresented at the p<0.05 level are shown. Published previously as 
supporting information in Mulligan, Ponomarev et al. 2006. 
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Several genes identified in the meta-analysis are located within QTLs for human 
alcoholism vulnerability  
A two-pronged approach was taken to utilize known QTLs in both human and 
mouse research.  First, the list of ~3800 significant genes was annotated using SOURCE 
(Diehn, Sherlock et al. 2003) (http://source.stanford.edu) for both mouse and human 
chromosomal location.  Two separate lists were created using Feighner, DSM-III-R and 
ICD-10 criteria (Foroud, Edenberg et al. 2000): one list for those genes found within 
boundaries of mouse QTL for preference drinking (Belknap and Atkins 2001) and 
another for genes within boundaries of alcoholism susceptibility QTL in humans.  The 
lists were used as filters to identify overlap of significant genes from the meta-analysis 
with QTL between the two species (table 2.5).  Thirty-six genes met filter criteria as 
candidate genes with 11 of the genes (Gstm1, Gstm2, Gstm5, Il1f5, Il1f6, Il1f8, Il1rn, 
S100a1, S100a10, and S100a13) belonging to only three gene families: GSTM 
(glutathione S-transferase activity), S100 class calcium binding, and 
cytokine/proinflammatory activity (IL1) (table 2.6).  Little attention has been given to a 
role for these genes in alcohol consumption, but GSTM1 alleles are associated with 
increased alcoholism and alcoholic liver disease (Engracia, Leite et al. 2003). Mice with 
mutant chemokine receptors suggest a role of inflammatory pathways in alcohol 
consumption (Blednov, Bergeson et al. 2005).  QTL analysis for alcohol preference in 
rats (Bice, Foroud et al. 1998; Carr, Habegger et al. 2003) show two syntenic QTLs with 
mouse and the chromosome 2 QTL is syntenic between all three species, including 
humans.  GST8-8, the implicated QTG within the QTL on rat chromosome 8 (Liang, 
Habegger et al. 2004) is syntenic on mouse chromosome 9. However, Gsta4, the mouse 
alias for GST8-8, was not significantly divergent in this meta-analysis. Interestingly, 
several other significantly regulated glutathione-S-transferase genes found on mouse 
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chromosome 1 and human chromosome 3 were in syntenic QTL regions for both species 
(table 2.6). 
It is important to note that although there is considerable synteny between the 
genomes of mice and man, the degree of evolutionary overlap between polymorphisms or 
alleles of genes is probably much lower.  Thus, translation of data from mouse models to 
humans is more likely to apply on a pathway level rather than as exact mutations in 






















Table 2.5: Overlapping QTL between rodents and humans. Mouse QTL regions for 
alcohol preference are shown in the top panel and Human QTL for alcoholism are shown 
in the middle panel.  The bottom panel shows shared QTL regions between mouse and 
human. References are provided for the QTL information at the bottom of the table. 




Table 2.6: Candidate genes located within human and mouse overlapping 
QTLs for alcoholism risk or alcohol preference. Shaded rows indicate mouse 
genes and rows without shading indicate human gene.  Mouse loci are based on 
physical map location (Mb) and human loci are based on cytological map 
position. Chr, chromosome.   
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Use of a B6.D2 congenic 9 data set filter identifies cis-regulated genes occupying a 
strong alcohol preference QTL in mice 
 QTL mapping and construction of congenic mice based on such maps 
provides another genetic approach to defining changes in gene expression linked to 
propensity for high alcohol consumption.  Several mouse QTL experiments show that 
chromosome 9 contains genes that contribute to the genetic propensity toward high 
alcohol intake (Belknap and Atkins 2001).  Therefore, C57BL/6J congenic mice 
containing a region that captured the DBA/2J alleles between 9-61 cM on chromosome 9 
were analyzed for gene expression, and compared against the C57BL/6J background 
strain. The differentially expressed genes located on chromosome 9 are by default cis-
regulated and thus are QTG candidates. 
 In order to identify cis-acting candidate genes for the chromosome 9 
alcohol preference QTL, the current meta-analysis results were further filtered using the 
congenic dataset.  Significant genes detected by the meta-analysis that passed the 
congenic filter were mapped on chromosome 9 along with their relative effect size (figure 
2.4).  These genes include 16 known genes (Arhgef12, Carm1, Cryab, Cox5a, Dlat, 
Fxyd6, Limd1, Nicn1, Nmnat3, Pknox2, Rbp1, Sc5d, Scn4b, Tcf12, Vps11, Zfp291) and 
four expressed sequence tags (2810423O19Rik, 1110032A03Rik, 5730439E10Rik and 
9030425E11Rik). Four of these, Pknox2, Scn4b, 9030425E11Rik and 1110032A03Rik, 
are correlated with alcohol preference in a BxD recombinant inbred population (Phillips, 
Crabbe et al. 1994). Interestingly, some primary candidate genes also have putative 
transcriptional activity: Carm1, Pknox2, Tcf12, Zfp29 and Limd1.   Although their targets 
are not yet characterized, each may explain some of the consistently divergent gene 
expression observed in the meta-analysis.  The 20 genes identified with the congenic 
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filter are potential QTGs underlying alcohol preference and provide exciting avenues of 






































Figure 2.4: Candidate genes for alcohol preference QTL on mouse chromosome 9. 
Meta-analysis results filtered based on significant cis-regulation on chromosome 9.  
Asterisks indicate a correlation between gene expression and alcohol preference in a 
panel of BxD recombinant inbred strains (Phillips, Crabbe et al. 1994). Data from the 
WebQTL (www.genenetwork.org) Integrative Neuroscience Initiative an Alcoholism 
Brain mRNA M430 (April 2005 release) PDNN (Positional Dependent Nearest 
Neighbor) database  (Wang, Williams et al. 2003). Originally published in Mulligan, 
Ponomarev et al. 2006. 
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CONCLUSIONS 
Predisposition to excessive alcohol consumption is likely a key aspect of human 
alcoholism, but molecular determinants of this trait are difficult to study in humans.  This 
study provides a microarray based meta-analysis of a behavioral phenotype using an 
effect size measure.  The Cohen’s d metric eliminated the need for standardization across 
array platforms and experiments allowing identification of consistently different 
transcripts between alcohol preferring and non-preferring genotypes, even if the 
transcriptional differences were small with respect to magnitude and/or significance. 
 The meta-analysis provided 5,182 targets, including 3,800 non-
overlapping genes for further study.  The significant differences between the high and 
low drinking genotypes represent numerous functional groups and a large range of 
cellular pathways as well as many genes (~25%) whose functions are not yet 
characterized.  Thus, some genes whose functions are currently unknown are likely to be 
important determinants of alcohol consumption. The seventy-five genes with the largest 
effect size (Q<0.05, |d| > 1.94) (see figure 2.2A) fall into the broad categories of cellular 
homeostasis and neuronal function.  Differences in the ability to maintain or reset 
homeostasis and adjust neuronal function in the brain likely underlie many aspects of 
alcohol responses and understanding these differences will be crucial for a better 
understanding of alcoholism.     
 The meta-analytical approach described in these results is designed to 
detect common differences found across the animal models used but will not detect 
differences specific for one model or one sex, nor will it detect mutations that affect 
alcohol preference for which no concomitant change in gene expression results.  Unique 
but potentially important determinants of drinking require detailed analysis of each 
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dataset such as that which has been accomplished for the HAP/LAP selected lines 
(Tabakoff, Bhave et al. 2005) and for the B6.FVB hybrid that is described in chapter 4.  
The meta-analytic approach utilizing an effect-size metric should be applicable to 
new datasets.  Two-bottle choice alcohol drinking is the most widely used model of 
voluntary alcohol consumption but new models are emerging (Roberts, Heyser et al. 
2000; O'Dell, Roberts et al. 2004; Finn, Belknap et al. 2005; Rhodes, Best et al. 2005).  
Follow up studies for candidate genes identified in previous array experiments have led 
to the understanding of molecular mechanisms for other behaviors (McClung and Nestler 
2003; Yao, Gainetdinov et al. 2004) and is likely for the candidate genes detected by the 
meta-analysis as well. 
 In summary, this meta-analysis shows that distinct mouse models with 
genetic predisposition for elevated alcohol consumption have very consistent and 
reproducible differences in brain gene expression even though they have never consumed 
alcohol.  Furthermore, the differences extend to thousands of transcripts forming many 
functional groups.  Combining the meta-analysis with congenic approaches provides 
specific candidate genes for one alcohol preference QTL.  These genes, as well as most 
of the key functional groups revealed by the current study were not anticipated by 
previous work, indicating both our ignorance of the molecular mechanisms driving 
alcohol consumption and, most importantly, the opportunities to reveal new mechanisms 







MATERIALS AND METHODS  
Animal husbandry 
All animals were adult (60-100 days old) mice, naïve to alcohol, with 24 hr ad 
libitum access to rodent chow, water, and 12 h :12 h lighting.  All animals were housed 
and treated according to the NIH guidelines for the use and care of laboratory animals 
(Council 1996) and approved Institutional Animal Care and Use Committee  protocols at 
each respective institution. Whole brain total RNA from naïve mice was used for all array 
analyses.  Microarray hybridizations for the HAP/LAP lines, inbred strains and congenic 
9 strains were completed on individual mice.  The lines for high and low levels of short-
term selection were hybridized with a pool of three samples for each represented N value 
(n = 10 mice per line). Details for each strain are listed below. 
Short-term selection lines (STS)  
 Reciprocally crossed B6xD2 and D2xB6 F2 mice were between 8-10 weeks of 
age, housed individually and offered water in two 25-ml graduated cylinders fitted with 
stainless steel sipper tubes.  Testing for 24-hour access two-bottle choice ethanol 
consumption followed the same methods used in other populations derived from the cross 
of C57BL/6J and DBA/2J inbred strains (Phillips, Crabbe et al. 1994; Phillips, Belknap et 
al. 1998). In the present study, B6D2 F1 mice were obtained from the Jackson 
Laboratories (Bar Harbor, ME) and bred to generate a founder population of B6D2 F2 
mice (N=199, approximately equal males and females). The 10 male and 10 female mice 
with the highest consumption of 10% ethanol were bred to form the STDRHI2 line, while 
the 10 male and 10 female mice with the lowest consumption of 10% ethanol were bred 
to form the STDRLO2 line. In subsequent generations, the highest consuming mice of the 
STDRHI2 line and the lowest consuming mice of the STDRLO2 line were chosen to 
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perpetuate the lines. A total of 124-150 mice per generation were tested. Bidirectional 
selection continued similarly for each of three generations; the highest of the high line 
and the lowest of the low line were used to breed the next generation of high and low 
selection lines, respectively.  Naïve mice with high and low levels of drinking from 
selection generation (S3) were used in the microarray experiment. Mice were 46-73 days 
old at the time of individual housing. 
Mice were offered continuous access to two fluid-filled 25-ml graduated cylinders 
fitted with stainless steel sipper tubes. Initially, both were filled with tap water and the 
mice were given a 2-day acclimation period to get used to drinking from these tubes 
(days 1-2). One water tube was then replaced with a tube containing a 3% solution of 
ethanol in tap water (v/v). They had access to water vs. 3% ethanol for a 4 consecutive 
day period (days 3-6). The 3% ethanol tube was then replaced with a tube containing 
10% ethanol in tap water (v/v). Consumption from the water and 10% ethanol tubes were 
measured for 4 consecutive days (days 7-10). Bottle positions were alternated every 2 
days to disrupt any side-dependent preference in drinking. Food was distributed near both 
tubes to avoid food-related tube preference. Leakage/evaporation were measured from 
tubes with the same solution in them placed on cages not containing mice. The average 
volume lost from these tubes on 2-4 empty cages was subtracted from the volumes 
measured by meniscus reading. The selection index for drinking was based on the 10% 
concentration expressed in g/kg/day for each of the last days immediately prior to a bottle 
position change (i.e., the average of days 8 and 10).  
High Alcohol Preferring/Low Alcohol Preferring lines (HAP/LAP) 
Two replicate lines of HAP and LAP mice were originally generated from HS/Ibg 
mice (McClearn GE 1970) based on bidirectional selection outcome of two-bottle choice 
10% alcohol solution vs. water consumption (Grahame, Li et al. 1999; Behm A 2003).  
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Male HAP1/LAP1 and HAP2/LAP2 mice, 70-90 days of age, were used from generations 
26 and 19, respectively, for Affymetrix array analysis.  Details of the gene expression 
studies which provide the data for the present analysis have been published elsewhere 
(Tabakoff, Bhave et al. 2005). 
Inbred strains  
Male BALB/cJ, C57BL/6J (B6), DBA/2J (D2) and LP/NJ inbred mice were 
raised and housed at the Veterans Affairs Medical Center in Portland, OR.  LP/NJ mice 
were tested for two-bottle choice alcohol drinking in the laboratory of D. A. Finn and 
found to drink significantly less alcohol than C57BL/6J mice (unpublished data).  Female 
B6, FVB/NJ (FVB) and FVBxB6 F1 mice were raised and housed at the University of 
Texas.  F1 mice were recently found to drink significantly more alcohol than the 
progenitor strains when tested in an accelerating concentration two-bottle choice 
paradigm (Blednov, Metten et al. 2005).  
Congenic strain 
A D2 QTL region for alcohol preference from 9 to 58 cM on chromosome 9 was 
introgressed onto a B6 genomic background through numerous generations (≥ 12) of 
breeder selection by Massachusetts Institute of Technology microsatellite marker 
genotyping and backcrossing to B6.  The B6.D2Ch9 congenic chromosome 9 mice were 
previously tested for alcohol two-bottle choice drinking and found to drink significantly 
less than B6 control mice (difference ≈25%, T.J.Phillips, unpublished data).  Whole brain 
mRNA was isolated from jointly housed and age-matched (70-100 days) congenic and 
B6 mice.  
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Oligonucleotide Microarrays 
 Whole brain samples containing at least 10 μg of total RNA were hybridized 
precisely following manufacturer’s protocol (Affymetrix, Santa Clara, CA).  
Methodology for arrays completed for HAP/LAP mice have been previously published 
(Tabakoff, Bhave et al. 2005).  RNA from STS mice and mice from the inbred strains 
BALB/cJ, C57BL/6J, DBA/2J, and LP/NJ were hybridized to Affymetrix 430 A and B 
chips and analyzed at the Oregon Health Sciences University Gene Microarray Shared 
Resource Facility.  Total RNA was isolated with TRIZOL7 Reagent (Life Technologies 
Inc., Gettysburg, MD) using a modification of the single-step acid guanidinium 
isothiocyanate phenol-chloroform extraction method, according to the manufacturer’s 
protocol.  The extracted RNA was then purified using RNAeasy (Qiagen Inc, Valencia, 
CA) and quantified by UV spectroscopy.  All samples were hybridized to the 
GeneChipTest3 for quality control.  Only samples that had a 260/280 ratio >1.8, good 
visual integrity on ethidium bromide stained denaturing formaldehyde agarose gels and 
that passed target performance recommended thresholds, were used.  For further details, 
see: http://www.ohsu.edu/gmsr/amc.  Robust microarray average (RMA) and position 
dependent nearest neighbor (PDNN) were both used to analyze the array data.  Results 
are only presented for PDNN; however, there was no qualitative difference between the 
RMA and PDNN data.  RMA was implemented using the Affymetrix package (version 
11/24/2003) from the Bioconductor version 1.3 framework 
(http://www.bioconductor.org) running within the R (version 1.8.1) programming 
environment for both Windows and Solaris (http://cran.stat.ucla.edu).  PDNN analysis 
(Zhang, Miles et al. 2003) using default settings was implemented using PerfectMatch 
software (v.2.3) (http://idub.mdacc.tnc.edu/~zhangli/PerfectMatch).  Both programs are 
available for download without charge. 
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 Custom cDNA arrays  
cDNA fragments PCRed from clones were printed on poly-L-lysine (Sigma, St. 
Louis, MO) coated microscope slides (Erie Scientific, Portsmouth, NH) using a custom 
built robotic arrayer as previously described (DeRisi, Iyer et al. 1997).  The clones were 
from several cDNA libraries, including expressed sequence tags cloned in the Bergeson 
laboratory; Research Genetics/Invitrogen (Carlsbad, CA) clone sets, BMAP (brain 
molecular anatomy project) and SV (sequence verified); and NIA (National Institute on 
Aging, (Tanaka, Jaradat et al. 2000)) clone sets 7.4K and 15K.  Microarray hybridizations 
were performed using the Array 350 microarray labeling kit according to manufacturer’s 
protocol (Genisphere, Inc., Hatfield, PA). Extracted total RNA samples from whole brain 
were reverse transcribed, labeled with the Cyanine-3 (Cy-3) fluorophore, and hybridized 
against a common reference RNA labeled with Cyanine-5 (Cy-5). The common reference 
is from whole brain RNA extracted from 100 male C57BL/6J (Jackson Laboratories, Bar 
Harbor, ME) mice that were 70 days old. All arrays contained the same reference RNA in 
the Cy-5 channel and were normalized using within-print tips lowess non-linear 
normalization (33). The microarrays were scanned using the GenePix 4000B Microarray 
Scanner, gridded using the software package GenePix v 5.1 (Axon Instruments, 
Sunnyvale CA) and normalized using within-print tips lowess non-linear normalization 
(Workman, Jensen et al. 2002).  Normalized array data were stored using the Longhorn 
Array Database (LAD) (Killion, Sherlock et al. 2003) and then standardized using the red 
channel (common reference RNA) as the baseline standard using software developed in 
the Bergeson lab (Perl programs created by A.E.Berman). 
Meta-analysis 
Five data sets listed as 1-5 in Table 1 were used for meta-analysis. Alcohol-
preferring and non-preferring mice were first compared using a parametric statistical test. 
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Student’s t-test for independent samples was used to compare “high” and “low” drinking 
selected lines (studies 1-3). Both sets of inbred strains (studies 4 and 5) were analyzed 
independently by an F test using single contrasts. Contrast analysis is a type of analysis 
of variance, which, compared to omnibus ANOVA, is best suited to test specific 
hypotheses when 3 or more groups are to be compared.  For each study that used inbred 
strains, alcohol-preferring genotypes were compared (contrasted) to alcohol non-
preferring genotypes using weighting coefficients.  For example, for study 4, the 
C57BL/6J (B6) strain was assigned a weighting coefficient of 3 and then contrasted to a 
combination of three other strains, each assigned a weighting coefficient of (-1).  The 
resulting t and F values for each transcript were then used to estimate effect size by 
calculating a Cohen's d statistic, which is the difference between the groups expressed in 
pooled within-group standard deviation units. The following formulas were applied: d = 
2t/√df  = 2√F/df, where df represents the degrees of freedom. The direction of change 
was coded in the resulting Cohen’s d values so, that <positive> values indicated an up-
regulation and <negative> values, down-regulation of transcripts in alcohol preferring 
compared to non-preferring genotypes.  
 One potential problem of meta-analytic approaches is the generalization of 
differences among the individual studies.  Our analysis includes data from selectively 
bred lines and inbred strains.  Although both genetic approaches have been successfully 
used to study complex traits, no systematic efforts have been made to compare the two 
methods with respect to their power to detect genetic correlations.  However, there is a 
general agreement that comparison of two selected lines is much more powerful than any 
single comparison of two inbred strains.  Because the selected line approach uses 
information from individual animals while the inbred strain method uses strain means, 
more inbred strains are generally needed to study genetic correlations (Crabbe, Phillips et 
 57
al. 1990). Therefore, in an attempt to equate the genetic contribution to ethanol drinking 
across studies and to minimize over-generalization that could come from the small 
number of inbred strains in each individual data set, data from the two inbred strain 
studies (4 and 5 in Table 1) were collapsed by averaging Cohen’s d values for each 
transcript.  To do so, Affymetrix and cDNA platforms were matched by gene symbols. If 
a gene was represented by more than one transcript on the cDNA array, the transcript 
with greater absolute effect size was used for the combined data set. To minimize an 
outlier effect, extremely deviant effect sizes were adjusted to a maximum absolute value 
of d = 4. Finally, the four Cohen’s d values generated for the three pairs of selected lines 
and the combined set of inbred strains were averaged and a z-test was used to test 
significance of deviation of the mean effect size from zero. QVALUE software 
(http://faculty.washington.edu/~jstorey/qvalue) was used to estimate false discovery rate 
(Q) for the meta-analysis results (Storey and Tibshirani 2003), which estimates the 
proportion of all declared significant results that are expected to be false positives. 
Congenic 9 data filter 
We used microarray data obtained from the B6.D2Ch9 congenic strain to filter 
transcripts detected by meta-analysis as regulated significantly between ethanol 
preferring and non-preferring genotypes and located within the introgressed region 
known to contain an ethanol preference QTL on mouse chromosome 9. Specifically, 
chromosome 9 transcripts significantly regulated between the congenic and control lines 
(p<0.05 by a t-test) were identified and matched for direction of change with data from 
meta-analysis. Only genes detected by both approaches were selected as putative 
candidates for cis-regulation of alcohol preference. 
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Transcription Factor Binding Site Overrepresentation Analysis 
The oPOSSUM database (Ho Sui, Mortimer et al. 2005) was used to analyze 
transcription factor binding sites (TFBS) in genes that were either significantly (Q<0.05 
and |d| ≥ 0.05) up- or down-regulated in alcohol-preferring mice compared to non-
preferring mice.  The two lists had 2,388 genes with 1,011 recognized as orthologs in 
oPOSSUM and 1,580 genes with 546 recognized for up- vs. down-regulation 
respectively.  Overrepresented TFBS were determined for each group of genes based on 
one-tailed Fisher exact probabilities (p-value)  and z score ranking.  Determination of a 
non-random association of the TFBS uses the p-value for a comparison of the proportion 
of target genes (co-expressed genes) containing a specific TFBS to the proportion of 
background genes (all genes represented by the microarray) for that TFBS.  The number 
of times a TFBS appears in a promoter region (2000 bases upstream of the transcription 
start site) is irrelevant. The Z-score, however, compares the rate of every occurrence of a 
TFBS in target genes with the rate of each occurrence in background genes.  Following 
the initial analysis, the genes for the transcription factors themselves were individually 
checked to see whether: 1) they were present on the arrays, and 2) transcription 
differences were consistent with the promoter TFBS analysis. 
Functional Overrepresentation Analysis 
Transcripts that pass the statistical thresholds (Q<0.05 and |d| ≥ 0.05) and had an 
assigned gene symbol were annotated into functional groups using the WebGestalt (web-
based gene set analysis toolkit http://genereg.ornl.gov.webgestalt).  Functional 
annotations based on Gene Ontology (GO) Consortium (www.geneontology.org), 
BioCarta pathways (http://www.biocarta.com/genes/index.asp), and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) database (http://www.genome.jp/keg) were carried out.  
The WebGestalt database was then used for functional over-representation analysis.  This 
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database uses a hypergeometric test to compare representation (number of significantly 
regulated genes) of a certain functional group to representation of this functional group 
on a background list (all genes from the meta-analysis that passed the array filtering 
criteria).  In other words, it estimates whether a certain biological group or pathway is 
active (i.e. represented by more significant genes than expected by chance).  All 3,800 
genes detected by meta-analysis were used to determine over-represented pathways in 
KEGG and BioCarta. Only the 500 genes with the largest effect sizes from this list were 


















Chapter 3: Alcohol Trait and Transcriptional Genomic Analysis of 
C57BL/6 Substrains 
INTRODUCTION   
Inbred mouse strains represent a valuable genetic model system for the 
investigation of complex behaviors.  The availability of many different inbred strains that 
differ in a range of phenotypes coupled with the development of molecular genetics 
techniques that allow for targeted gene manipulation and transcriptome analysis has 
expedited the search for genes that control specific traits.  Among the most commonly 
studied and most widely utilized inbred strain is C57BL/6 (B6).  Like many of the 
modern inbred mouse strains, B6 was originally derived from  stocks kept in the early 
1900’s by geneticists and mouse fanciers alike (Beck, Lloyd et al. 2000).  C57BL/6 was 
initially isolated from the C57BL/10 strain by 1937 and the C57BL/6J (B6J) colony was 
founded at Jackson Laboratories in 1948.  At least 40 subsequent sub-colonies have since 
been derived from B6J between 1930 and 1970 (see: JAX Notes™ 498, 
http://jaxmice.jax.org/library/notes/498a.html) including C57BL/6N (B6N), a sub-strain 
founded by the National Institute of Health (NIH) from B6J in 1951.  In 1974 Charles 
River Laboratories started their own sub-colony C57BL/6NCrl (B6C) from the 32nd 
generation of the B6N colony.  Thus, the B6J and B6C substrains have arisen through the 
propagation of new B6 colonies by different breeding facilities, including at The Jackson 
Laboratory and Charles Rivers Laboratory, and have been inbred separately for about 5 
decades. Although derived from the same original B6 inbred mouse strain, separation of 
B6 colonies leads to genetic divergence over time. Within isolated sub-colonies, genetic 
drift can be noticeable as soon as 20 generations after separation (Bailey, 1977, Bailey, 
1982).  If a sub-colony is founded from an inbred strain prior to the 40th generation of 
inbreeding, genetic drift may occur due to remaining heterozygosity within the original 
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inbred strain.  Indeed, SNP analysis of B6 substrains supports the existence of residual 
heterozygosity despite extensive inbreeding at the time the substrains were separated and 
also raises the possibility that some loci may be under selective pressure to retain allelic 
heterozygosity even after many generations of inbreeding (Petkov, Ding et al. 2004).  Of 
course, genetic drift can also occur if spontaneous gametal mutations become fixed 
within the subcolony and several examples of such mutational events have recently been 
identified between B6J and B6C.  For instance, a  spontaneous deletion occurring only in 
the B6J strain resulted in the loss of several exons of the nicotinamide nucleotide 
transhydrogenase (Nnt) gene (Huang, Naeemuddin et al. 2006).  Additionally, from a 
panel of 867 microsatellite markers, 13 were found to be polymorphic between B6J and 
B6C (Hovland, Cantor et al. 2000).  Phenotypically, the two B6 substrains differ in a 
wide range of traits including cardiac function during anesthesia and sensitivity to 
anesthetics (Roth, Swaney et al. 2002), body weight (Green, Singh et al. 2007) aspects of 
the fear response (Radulovic, Kammermeier et al. 1998; Siegmund, Langnaese et al. 
2005), and some alcohol-related traits (Green, Singh et al. 2007, Khisti, Wolstenholme et 
al. 2006, Ramachandra, Phuc et al. 2007).  
In the alcohol research field, B6J mice supplied by The Jackson Laboratory have 
been one of the most abundantly used laboratory models, most likely due to the fortuitous 
discovery early in the history of the substrain that B6J mice have a high alcohol 
preference phenotype (McClearn and Rodgers 1959).  B6J mice have since been shown 
to drink more alcohol than other commercially available inbred mouse strains (Belknap, 
Crabbe et al. 1993).  The phenotype of high alcohol preference in the B6J strain has 
remained quite stable since it was first reported, likely due to the fact that preference for 
alcohol is a complex trait controlled by many genes of varying but smaller effect size 
(Wahlsten, Bachmanov et al. 2006).  Unfortunately, most of the genes and molecular 
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mechanisms involved in driving initial alcohol preference have yet to be elucidated.  In 
1982 researchers discovered a large difference in alcohol preference between B6J and a 
now extinct B6 substrain derived from B6N and maintained by Simonsen laboratories 
(Blum, Briggs et al. 1982).  More recently, it was discovered that B6J also differed from 
B6C for several alcohol related phenotypes, including sensitivity to fetal alcohol 
syndrome (Green, Singh et al. 2007), alcohol consumption after ethanol deprivation 
(Khisti, Wolstenholme et al. 2006) and ethanol preference and dopamine release in the 
ventral striatum after exposure to alcohol (Ramachandra, Phuc et al. 2007).   
It is generally accepted that B6J and B6C have a very similar genetic background 
with the apparent exception of several discrete loci, which results in substrain phenotypic 
divergence for several traits, including alcohol preference.  In order to provide 
researchers with crucial information that may prove useful to gain insight into the 
molecular mechanics of phenotypic differences observed between these two substrains 
now and in the future, we completed brain region transcriptome analyses on alcohol naïve 












RESULTS   
Alcohol consumption and alcohol preference are lower in the B6C substrain 
  Consumption and preference for alcohol were significantly lower in both 
female and male B6C mice regardless of whether the mice were purchased and shipped 
from their respective vendors or bred in house.  In an attempt to recapitulate the 
Simonson findings of their extinct B6 substrain in our laboratory using the B6J and B6C 
substrains, vendor purchased mice were tested for two-bottle choice alcohol drinking 
using a scaled increase in % alcohol starting at 3%.  Both strains showed a strong 
preference for alcohol but as shown in figure 3.1A, intake of alcohol was found to be 
significantly higher in female B6J compared to B6C mice (p=0.001, between groups 
repeated measure ANOVA).  Consumption of alcohol by both substrains increased 
linearly with concentration until leveling off at 12% alcohol and above, at which point 
B6C consumed approximately 25% less than B6J.  Average consumption of alcohol for 
B6C and B6J was 16.0 g/kg/day (SEM±1.91) and 21.8 g/kg/day (SEM±1.02) 
respectively.  The B6 mice showed the largest substrain difference at the 15% alcohol 
solution for which B6J consumed >40% more alcohol than B6C.   Of note is that B6C 
showed a reduced range of preference over increasing alcohol solutions compared to B6J 
(figure 3.1B) and B6C had a significantly lower preference for alcohol compared to B6J 
(p<0.001, two-way ANOVA).  The B6C mice only showed a preference for the 6% and 
12% alcohol solutions while B6J showed preference for the 3% through 15% alcohol 
solutions.  In fact, B6C actually demonstrated mild alcohol avoidance for the 3%, 18% 
and 21% solutions of alcohol, in contrast to B6J, which never demonstrated avoidance at 
any of the concentrations measured.  To ensure that the differences observed between the 
substrains were not simply environmental influences, mice from each substrain were bred 
in house.  As observed for mice purchased from different vendors, both male and female 
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B6JUT mice consumed significantly more alcohol than their male and female B6CUT 
counterparts (p<0.05, t-test) (figure 3.1C) and both male and female B6JUT mice 
demonstrated a significantly higher preference for alcohol (p<0.05, t-test) than B6CUT 
mice of both sexes (data not shown).  Consistent with other studies of alcohol 
consumption in mice, female mice consumed more alcohol than male mice. 
In order to determine if the difference observed in alcohol consumption and 
preference was due to discrepancies in taste between the two B6 substrains, animals 
purchased from the vendor were evaluated for preference of sweet and bitter solutions 
because alcohol is thought to represent a combination of both tastes.  No difference in 
percent preference was observed between B6J and B6C mice for 0.033% saccharine 
(sweet) and 0.03 mM quinine (bitter) solutions (87.0±7.0, 87.5±4.2, p=0.6; 36.8±4.5, 















Figure 3.1: Alcohol consumption and preference levels between the B6 substrains.  
(A) Average alcohol consumption of each strain is plotted against alcohol concentration.  
The dashed line represents female mice purchased from Charles River Laboratories 
(B6NCrl) and the solid line represents female mice purchased from Jackson laboratories 
(B6J).  The effect of strain is significant (p=0.001, ANOVA).  (B) Mean alcohol 
preference between substrains is shown for each solution of alcohol.  Female mice from 
Jackson Laboratory (black) have a significantly higher preference for alcohol compared 
to Charles River mice (checkered) (p<0.001, ANOVA). (C) Male and female B6J mice 
bred in house (black bar) consume significantly more alcohol than their same sex Charles 
River B6NCrl counterparts bred in house (checkered) counterparts (p<0.05). 
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No strain difference detected for alcohol-induced loss of righting reflex 
Initial sensitivity to alcohol may affect subsequent drinking.  Therefore, alcohol-
induced loss of righting reflex was measured to gain insight as to whether a negative 
response or differences in alcohol metabolism were contributing factors mediating the 
substrain difference in alcohol consumption and preference. No difference was observed 
between vendor purchased B6J or B6C for the latency to lose the righting reflex, the 
duration of the loss of the righting reflex or in the BEC at the time of recovery of the 
righting reflex (figure 3.2).  Taken together, these findings imply no difference in initial 
sensitivity or acute tolerance to the hypnotic effects of ethanol and no difference in 
alcohol metabolism between the substrains.  In agreement with this data, a recent study 
found no significant difference in ethanol clearance between substrains (Ramachandra, 




































Figure 3.2: Initial sensitivity to the hypnotic effects of alcohol in vendor purchased B6 
substrains.  There is no difference in initial sensitivity as measured by the loss of righting 
reflex (LORR).  No difference was observed between substrains for the duration of the 
loss of the righting reflex (116.8±5.4 min and 114±16.9 min, respectively, p=0.9, n=10) 
or in the BEC at the time of recovery of the righting reflex (2.2±0.1 mg/ml and 2.5±0.1 
mg/ml, respectively, p=0.1, n=10). 
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Analysis of correlated transcription across brain regions revealed significant 
divergence at the genomic level 
A meta-analytic approach was used to identify transcripts that were coordinately 
changed by a large degree between substrains across all 4 brain regions.  This approach 
revealed 86 unique transcripts significantly co-regulated (z-test p < 0.01, average |d| ≥ 0.8 
and average fold change ≥ |1.5|) between B6J and B6NCrl across all four brain regions 
(figure 3.3, table 3.1 and table 3.2).  Although this study was not designed to identify and 
differentiate primary substrain differences from those secondary to upstream genetic 
polymorphisms, genes that share large changes in expression across brain regions likely 
result from genetic changes between the substrains and several bioinformatics approaches 
were used to gain insight into the brain transcriptome differences between the B6J and 
B6C mice.     
An analysis of chromosomal location of the co-regulated genes revealed that two 
of the genes, D14Ertd449e and Plac9, were located adjacent to each other on 
chromosome 14. Visualization of this region using the Ensembl Genome Browser 
(www.ensembl.org) and NCBI MapViewer (www.ncbi.nlm.nih.gov/mapview) revealed 
potential duplication events of several genes within the B6J genome including an 
apparent 3X copy number in the B6J strain which is the reference strain for both websites 
(figure 3.4A). To gain insight as to whether the observed change in gene copy number 
was a B6 specific phenomenon rather than normal across other inbred strains of mice (i.e. 
an orthologous event), we examined the expression of representative genes from the 
chromosome 14 region within our own inbred strain microarray datasets as well as within 
publicly available inbred strain microarray datasets (www.genenetwork.org).  
D14Ertd449e and Plac9 were the only genes from within the chromosome 14 region that 
were represented on our microarray and we found strain differences for these genes 
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consistent with potential duplication events in the B6J genome or, in other words, a 
paralogous event since, at least in humans, there is no aberrant change in copy number 
(figure 3.4B).  A  large decrease in average whole brain expression for both the Plac9 and 
D14Ertd449e loci were found for, FVB/NJ (FVB) and SJL/J (SJL) and, to a lesser extent, 
for DBA/2J (D2) when compared to B6J.  In agreement with the expression data, two 
separate comparative genomic studies had identified the same chromosome 14 region as 
containing copy number gains in B6J and DBA/2J (D2) that were not present in FVB/NJ 
(FVB) or SJL/J (SJL) (Snijders, Nowak et al. 2005; Graubert, Cahan et al. 2007).  The 
change in expression of Plac9 and D14Ertd449e between substrains was confirmed by 
quantitative real time PCR and confirmation of the genomic change in copy number is in 
progress (figure 3.3C).  Analysis of the chromosomal regions for the other top divergent 
genes revealed that the chemokine ligand 21b (Ccl21b) and the Riken gene, 
4933409K07Rik, which both occupy a small region on chromosome 4 also appeared to 
have a higher copy number in the B6J genome (an apparent 2X copy number) compared 
to B6NCrl and several inbred strains of mice (figure 3.5).    
  Since expression can change due to events downstream of a genetic 
polymorphism, we looked for potential cis-regulation or enhancer activity using insight 
from a combination of chromosomal localization information and coordinated 
transcription factor binding site (TFBS) data.  We developed a novel technique to detect 
chromosomal regions that contained clusters of co-localized and co-expressed genes that 
showed significant expression differences between substrains across brain regions using a 
binomial distribution comparison method.  Using this method, regional chromosome 
overrepresentation was detected on four chromosomes and the results are shown in figure 
3.6.  Although some of the genes in each of the 4 regions have a few TFBS in common, 
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none of the identified chromosomal regions has a common TFBS shared by all the genes 
within a cluster (data not shown). 
Next, we looked for pathway coordination in the gene expression differences 
using the GOTree function in WebGestalt.  Interestingly, nearly 40% of the genes were of 
unknown function but overrepresented pathways and cellular localizations were detected 
including: signal transduction (Rapgef, Eng, Rasa2; p=0.04), phosphorylation (Rapgef, 
Ilk, Mapk4k4, Rlf, Prkd2; p=0.02), transition metal ion binding (Mmp14, Galnt2, Hic2, 
Usp27x, Hmox2, Tnfaip3, Trim10, Rasa2, Rlf, Prkd2; p=0.03), cellular lipid metabolism 
(A4galt, Ptges, B3gnt5, Smpd3; p=0.03), peptidase activity (Psen1, Mmp14, Usp27x, 
Tnfaip3, Rlf; p=0.02), UDP-glycosyltransferase (A4galt, Galnt2, B3gnt5; p=0.001), 
localization to golgi (Psen1, A4galt, Galnt2, Smpd3; p=0.006), and nuclear envelope 
(Psen1, Ptges, Tpr; p=0.002).  In addition, two small, related categories were notable for 
their potential to contribute to brain survival:  positive regulation of cell proliferation 































Table 3.1:  Genes expressed higher in B6J in all brain regions.  CLID, clone ID; 
GBID, Genebank accession; Chr, chromosome; CoStr, cortex and striatum (orange); Hip, 
hippocampus (yellow); Vb, ventral brain region (green); Cer, Cerebellum (blue); p, p-
value from t-test; FC, fold change; AVG, average; d, effect size; and (-), higher in B6J.  




Table 3.2:  Genes expressed higher in B6C in all brain regions. CLID, clone ID; 
GBID, Genebank accession; Chr, chromosome; CoStr, cortex and striatum (orange); Hip, 
hippocampus (yellow); Vb, ventral brain region (green); Cer, Cerebellum (blue); p, p-
value from t-test; FC, fold change; AVG, average; d, effect size; and (+), higher in B6C.  





















Figure 3.3: Genes significantly divergent between substrains Across all Four Brain 
Regions.  Average standardized green channel intensities for each brain region were computed 
for each substrain and values were then centered, normalized and clustered (see methods).  
Red indicates increased expression and green indicates decreased expression in B6J relative to 
B6C.   Gene symbols are shown to the right.  Genes with large changes in the same direction 
across all four brain regions cluster into two groups (A and B) based on  increased expression 
in B6J and decreased expression in B6J compared to B6C respectively. Criterion for selection 
was p<0.01, z-test; average |d|>0.8 and average |fold change|≥1.5.  Co&Str, cortex and 






Figure 3.4: Putative changes in gene copy number between the B6 substrains on 
chromosome 14.  (A) View of the chromosome region using the Ensemble Genome 
Browser, Mus musculus version 36 (NCBI).  Trans.,transcript. Cphx, 1110051B16Rik, 
Plac9 and D14Ertd449e appear to be exist in multiple copies for the B6J reference strain.  
Only Plac9 and D14Ertd449e are represented on our cDNA microarrays. (B) Expression 
data from other inbred strains. Probe set mean, SEM and n for Plac9 (Affymetrix probe 
set 1452590_a_at) and D14Ertd449e (Affymetrix probe set 1428738_a_at) was gathered 
from WebQTL for B6J, DBA/2J (D2), FVB/NJ (FVB) and SJL/J (SJL) and tested for 
significant differences in expression by t-test.  B6C (B6NCrl) expression was averaged 
across the brain regions for Plac9 and D14Ertd449e and compared to the averaged brain 
region expression of B6J. Since expression is highest in the B6J strain it is shown as 
100% and percent change from B6J is shown for all other strains. Asterisks indicate 
significant differences in mean expression between strains relative to the B6J strain 
(p<0.001, t-test). (C) Quantitative real time PCR validation. Representative probe values 
normalized against the endogenous control 18s rRNA.  Since B6J is the substrain with 
the highest expression it is shown as 100% and the percent change from B6J was 
calculated for B6C from the qPCR data (p=0.03 and p=0.005 for Plac9 and D14Ertd449e 
respectively by two-tailed t-test). 
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Figure 3.5 Putative chromosome 4 region containing copy number differences 
between substrains.  (A) Known expressed transcripts within the chromosome 4 region. 
(B) Gene symbols, orientation of the gene and gene name.  A and B were generated 
using NCBI Map Viewer Mus musculus build 37. Red square and red bar indicate 
duplicated locations for the transcript from our microarray data that represents Ccl21b.  
The cluster of 5 genes in this region appear to duplicated and are shown at the top and 
bottom of the top figure.  Interestingly, it appears that they are opposite in orientation.  
(C) Analysis of expression across strains.  This analysis was identical to the one for the 
chromosome 14 region with the exception that Ccl21b and 4933409K07Rik were 
represented by Affymetrix probe sets 1445238_at and 1447939_a_at respectively.  







Figure 3.6: Regional chromosomal overrepresentation for significantly regulated 
transcripts. Four regions contain a greater number of co-localized and co-regulated genes 
across all brain regions and between strains than expected by chance.  Ch, chromosome; 
interval, chromosomal region contain a significant number of regulated genes; minus 
designates expression that is lower in B6C and plus designates expression that is higher 
in B6J relative to B6C; LOD, logarithm of odds. By convention a LOD score greater than 
3 indicates significance.  Cumulative effect sizes for each gene are stacked and not 
overlayed. 
 77
Evidence for substrain differences in brain regional transcriptomes 
At the 5% false discovery rate (q<0.05), microarray expression analysis detected 
12, 13, 51 and 43 non-redundant transcripts from the cortex and striatum, hippocampus, 
ventral brain region and cerebellum respectively, that were highly significantly divergent 
between substrains in one or more of the brain regions (tables 3.3, 3.4 and 3.5).  Some of 
these genes were identified by the previously described meta-analytic approach to be 
divergent between substrains in all four brain regions.  The ventral brain region and the 
cerebellum contained the majority of the strain expression differences between the two 
B6 substrains and accounted for 43% and 36% of the total expression differences 
respectively.   
Many genes known to be expressed in the brain and known to play a role in 
neurological processes were identified in each brain region at the highly stringent 5% 
false discovery rate.   In the cortex and striatum, growth associated protein 43 (Gap43), 
adenosine deaminase, RNA-specific (Adar) and activating transcription factor 4 (Atf4) 
were expressed higher in B6J mice.  Polymerase (DNA directed), eta (RAD 30 related) 
(Polh) was expressed 3.91 fold higher in the cortex and striatum of B6NCrl mice.  The 
serotonin transporter (Slc6a4) was found to be expressed 14 fold higher in the 
hippocampus of B6J animals.   The ventral brain region contained significant genes that 
played a role in hormone processing  (proprotein convertase subtilisin/kexin type 2), 
intracellular trafficking  (kinesin family members 5a and 5b), potassium channel activity 
(calsenilin, potassium voltage-gated channel, subfamily H (eag-related), member 3 and 
potassium large conductance calcium-activated channel, subfamily M, beta member 4), 
specific transcriptional regulation (Necdin) and general regulation of transcription and 
splicing at the C-terminal domain (CTD) of RNA polymerase II (Necdin, Cyclin 
dependent kinase 8, hexamethylene bis-acetamide inducible 1 and splicing factor, 
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arginine/serine-rich 3).    In the cerebellum, the vesicular glutamate transporter (Slc17a6) 
was expressed 2 fold higher in B6J mice.  Clusterin (Clu) was also expressed higher in 
B6J mice.  Calcium/calmodulin-dependent protein kinase II gamma (Camk2g), Calcium 
channel, voltage-dependent, beta 3 subunit (Cacnb3), and a voltage-gated potassium 
channel beta subunit, shaker-related subfamily (Kcnab3) were expressed higher in 
B6NCrl cerebellum.  Gene Ontology (GO) functional category overrepresentation 
analysis confirmed that potassium channel activity, microtubule-based processes and 
specific transcriptional repressor activity were significantly (p<0.01) overrepresented in 
the ventral midbrain and that calcium ion transport was significantly overrepresented in 
the cerebellum (table 3.6).   
The Allen Brain Atlas (http://www.brainatlas.org/aba/) has B6J whole brain in 
situ data available for many genes and we used their database to verify some of our B6J 
expression levels and to determine if our transcripts were independently found to be 
expressed in the brain region for which they were detected.  In general, the level of 
expression measured by our microarray analysis in B6J mice visually correlated well with 
the available in situ information from the Allen Brain Atlas.  Although it should be stated 
that most of the transcripts had much broader expression in the brain and were not 
restricted to the region in which an expression difference was detected.  It is likely that 
the low false discovery rate expression changes observed in each brain region resulted 
from a combination of the downstream effects of a polymorphism between substrains 
and/or local differences in brain gene regulation.  The stringency of this analysis also 
limited detection to only the most significantly divergent transcripts.  No in situ’s were 
available nor were they completed for the B6C mice.   
In silico transcription factor binding site (TFBS) overrepresentation analysis was 
again applied to the genes with similar patterns of expression in each substrain.  In this 
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case, co-regulated transcripts from each brain region were independently screened using 
oPOSUM in order to locate a common transcription factor or TFBS in each brain region.  
Again, we were not able to identify a transcriptional regulator that could account for the 


























Table 3.3: Transcripts highly significantly divergent between substrains in the cortex 
and striatum and hippocampus.  A small number of genes are highly statistically 
significantly divergent between B6 substrains based on the criterion Q<0.05.  (CLID, 
clone ID; GBID, GeneBank Acession; Entrez, Entrez ID; Chr, chromosome; X, cortex 
and striatum; H, Hippocampus; V, Ventral brain region; C, cerebellum.) Top panel is 




Table 3.4: Transcripts highly significantly divergent between substrains in the ventral 
brain region.  A small number of genes are highly statistically significantly divergent 
between B6 substrains based on the criterion Q<0.05.  (CLID, clone ID; GBID, 
GeneBank Acession; Entrez, Entrez ID; Chr, chromosome; X, cortex and striatum; H, 
Hippocampus; V, Ventral brain region; C, cerebellum.) Top panel is cortex and striatum 




Table 3.5: Transcripts highly significantly divergent between substrains in the 
cerebellum.  A small number of genes are highly statistically significantly divergent 
between B6 substrains based on the criterion Q<0.05.  (CLID, clone ID; GBID, 
GeneBank Acession; Entrez, Entrez ID; Chr, chromosome; X, cortex and striatum; H, 
Hippocampus; V, Ventral brain region; C, cerebellum.) Top panel is cortex and striatum 




Table 3.6: Overrepresented functional groups between substrains in the  
midbrain and cerebellum.  Significant overrepresentation determined using 
the GOTree function in WebGestalt.  Bold lettering and italics indicate genes 




 The purpose of this study is to both recommend caution when using inbred 
substrains and to offer other researchers tools in which to further study the genetic 
differences between B6J and B6C.  We provide evidence in the form of brain region 
transcriptome analysis and by a phenotypic survey of alcohol related measures that B6J 
and B6C are non-identical at the genetic level.   For alcohol researchers, it is important to 
be cognizant of the differences in voluntary alcohol intake between B6J and B6C.  B6C 
displays a reduced preference for alcohol and a corresponding reduction in alcohol intake 
compared to the B6J substrain.   It appears that this difference is not due to differences in 
alcohol metabolism, innate taste discrepancies or whether the animal was purchased from 
a vendor or bred in house.  Researchers attempting to substitute B6J and B6C should also 
be aware of the many phenotypic and genotypic differences that have been documented 
previously as well as in this study.   
 Our brain region microarray analysis of vendor purchased B6J and B6C 
mice was deliberate so as to provide a valuable dataset for all researchers who might now 
wish to use the two substrains as a genetic model to test novel parameters for any of the 
specific candidate genes we have generated.  In fact, numerous significantly divergent 
transcripts of diverse biological function were identified, confirming again that B6J and 
B6C differ at the level of the genome in many ways.  It is also important to note that 
although we did detect many significant changes in gene expression, we did not find a 
specific transcription factor, transcription factor binding site or enhancer/repressor region 
that could account for the bulk of the gene expression differences observed between the 
substrains.  We suggest that the primary reason for the divergence is due, in fact, to 
polymorphisms in the genome. However, direct confirmation is needed. 
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In this study, several chromosome regions of interest were identified for further 
investigation.  Four chromosomal regions that contained clusters of significantly co-
regulated and co-localized genes were observed.  The localization of these genes to 
clusters is non-random and indicates a higher level of chromosome regulation operating 
through an undetermined mechanism, possibly through differences in chromatin 
structure.  We were also able to identify regions on chromosome 14 and chromosome 4 
that appear to contain copy number gains in the B6J genome that are not represented in 
the B6C substrain.  An analysis of inbred strain expression data and comparative genomic 
scans for the chromosome 14 region indicated that it is likely that B6C mice may be 
lacking 1-2 copies of the genes within the region.  A similar comparison within the 
chromosome 4 region, including Ccl21b and 4933409K07Rik, found that B6C mice may 
be missing 1 copy of the representative genes from that region although further validation 
will be required.  Loss of extra copies of genes is not unusual and can easily occur 
through mismatched crossing over during meiosis, in fact, it appears that similar events 
may have occurred in other inbred strains.  Although the representative genes from the 
chromosome 14 region (D14Ertd449e and Plac9) are abundantly expressed in brain, their 
function remains unknown at this time and warrants further investigation.    
Based on the different levels of alcohol consumption and alcohol preference 
observed between B6J and B6C we attempted to find genes within our most significant 
microarray that had been previously associated with alcohol consumption or a response to 
alcohol.  Using this approach we identified 31 genes (table 3.2) that were found to differ 
between both B6J and B6C and high alcohol and low alcohol consuming inbred strains of 
mice (Mulligan, Ponomarev et al. 2006).  Nearly 70% of these genes are expressed higher 
in B6J compared to B6C animals which indicates that B6J, compared to B6C, contains 
more genes associated with higher alcohol consumption and increased alcohol preference 
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(Mulligan, Ponomarev et al. 2006). Genes previously identified from other studies as 
being associated with alcohol related behaviors or addiction included the serotonin 
transporter, Slc6a4, nerve growth factor, Gap43, a potassium channel beta subunit, 
Kcnmb4, the vesicular glutamate transporter, Slc17a6,  and Pcsk2, which is required for 
Cocaine- and amphetamine-regulated transcript (CART) peptide processing.  All of these 
genes are candidates for regulating the phenotype of reduced alcohol intake observed in 
B6C relative to B6J. 
Alcohol abuse and dependence is a pervasive problem in human populations 
around the globe.  Despite decades of research many of the genes that underlie these 
maladaptive behaviors remain unknown.  By making brain transcriptome information 
available for the B6J and B6C substrains we hope to provide researchers with the tools 
necessary to address the genetic components of high alcohol consumption.  
Serendipitously, these two sister substrains also represent a novel model system in which 
to study the divergence of inbred populations over time and the resulting effect these 









Table 3.7: Genes previously known to be associated with alcohol 
consumption or alcohol or addiction phenotypes.  (A) Overlap between high 
expression in high alcohol consuming strains (versus low consuming strains) and 
high expression in B6J compared to B6C or  overlap between low alcohol 
consuming strains (versus high consuming strains) and high expression in B6C 
compared to B6J.  Only a few genes overlap with the later comparison.  Evidence 
is the citation for the publication on which the overlap analysis is based. Clusterin 
was also previously identified as being ethanol responsive.  (B) Genes associated 
with alcohol or addiction phenotypes.  Evidence is the citation for the publication 
for which a link to an alcohol or addiction phenotype was observed. 
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MATERIALS AND METHODS 
Animal handling at the Jackson Laboratories 
C57BL/6J mice colonies from the Jackson Bar Harbor facility were fed ad libitum 
water and NIH Mouse/Auto 6F 5K52 diet consisting of not less than 18% crude protein, 
6% crude fat, 5% crude fiber, 8% ash and 3% added minerals.  The light cycle was 12:12 
and all other environmental controls were standard.  The breeding protocol at the Jackson 
Laboratory used a trio of 2 females and 1 male, with offspring weaned at 28 days.  All 
mice purchased directly from Jackson Labs were shipped at approximately 56 days and 
held for 2 weeks or more prior to testing at the University of Texas at Austin.   
Animal handling at the Charles River Laboratories 
Breeding also occurred using a breeding trio, and offspring are weaned at 21 days.  
Mice were fed a diet of Purina 5L79 which consists of 18% crude protein, 5.2% crude fat, 
5.2% crude fiber, 5.7% Ash and 3.3% minerals (Cano, Arnold et al. 2001).  All mice 
from Charles River Labs were shipped at approximately 56 days and held for 
approximately 21 days prior to testing at the University of Texas at Austin on a 12 hour 
light/dark cycle.  
Animal handling at the University of Texas at Austin 
B6 mice were bred in house from adult male and female mice (1:1) supplied from 
both Jackson (B6J) and Charles River Laboratories (B6C).  The offspring will be 
designated B6JUT and B6CUT in order to differentiate them from the vendor purchased 
animals.  B6JUT and B6CUT mice were weaned at 21 days and fed a diet of PROLAB 
RMH 1800 which contains a minimum of 18% crude protein, 5% minimum crude fat and 
5% minimum crude fiber.  Weaned animals were housed with up to 5 same sex animals 
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on a 12 hour light/dark cycle until experimentation began after they were at least 9 weeks 
of age.   
Alcohol Consumption and Preference Measurement 
Vendor purchased mice 
Ten individually housed adult female mice from each vendor, were provided with 
a sipper tube containing an ethanol and water solution and a sipper tube containing tap 
water.  In this two-bottle choice paradigm animals were allowed free access to food, 
alcohol solutions and water.  Starting at a 3% alcohol and water solution (w/v) for 4 days 
and increasing in increments of 3% up to 21% alcohol and water (w/v), animals were 
allowed access to each additional concentration for 5 days before being switched to the 
next highest concentration. The physical location (right or left) of the water and alcohol 
solutions was switched daily to reduce the effects of potential side preference.  Sipper 
tubes were weighed daily to the nearest 0.01 grams in order to measure consumption of 
alcohol and water. To avoid including aberrant data from leaky tubes or from mice that 
played with their bottles, an outlier test was conducted on the daily total fluid intake and 
outliers were excluded on a per day basis.  Consumption was determined as grams of 
alcohol consumed per kilogram body weight per day.   Preference was measured as the 
amount of alcohol consumed over the total amount of fluid consumed per day, with 
>50% designated as a preference for alcohol.  The statistics software GraphPad Prizm 
(Jandel Scientific, Costa Madre, CA) was used to complete ANOVAs to evaluate the 
effect of strain on consumption of alcohol and alcohol preference.  
Mice bred in house 
Adult mice from each substrain and both sexes were tested using the same two-
bottle choice paradigm described above with the exception that mice were tested for 10 
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days using a 20% alcohol and water solution (n=12 females per group, and n=6 and 7 
respectively for JUT and CUT male mice).  Differences in consumption and preference 
between the strains were tested for significance by a t-test within each sex.    
Taste discrimination  
Vendor purchased mice 
Taste preference was measured using a saccharine and quinine two-bottle choice 
paradigm similar to that described above.  Female adult mice from each strain were 
housed individually in single cages and provided with two sipper tubes containing either 
a 0.033% saccharine solution and tap water or a 0.03mM quinine solution and tap water.  
Consumption was measured for 4 days and bottles were alternated each day to avoid side 
preference effects.  
Loss of righting reflex 
Vendor purchased mice 
Ten B6J and 10 B6C adult female animals were injected with 3.8g/kg ethanol 
intraperitoneally (i.p.).  Ethanol-induced loss of righting reflex was measured by placing 
mice on their backs in a ~90° angle plastic trough.  Loss of righting reflex (LORR) was 
described as the inability of the mouse to right itself within 30 sec.  Return of the righting 
reflex was operationally defined as the ability of the mouse to right itself twice in a 1 
minute period.  The duration of LORR was measured as the time between the loss of the 
righting reflex and the return of the righting reflex.  Upon recovery of the righting reflex, 
retroorbital sinus blood was taken for gas chromatographic determination of blood 
alcohol concentration (BAC).  The statistical software GraphPad Prizm was used to 
complete t-tests to evaluate the effect of strain on LORR and BAC. 
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Initial sensitivity to alcohol 
Vendor purchased mice  
Nine adult female mice of each substrain were used.  Initial sensitivity to the 
hypnotic effects of ethanol was assessed using a modified version of LORR (Ponomarev 
and Crabbe 2002; Ponomarev and Crabbe 2004). Briefly, an animal was injected with 3 
g/kg ethanol i.p. (20% v/v in saline) and then immediately placed in a cylindrical 
restrainer. The restrainer was then gently rotated 90 degrees every 2-3 seconds. Within 2 
minutes of the injection the mice are heavily intoxicated and remain on their back after 
two successive 90 degree turns. Thus, the mouse is considered to have lost its righting 
reflex when it is no longer able to right itself within 5 seconds from a supine position. 
Latency to LORR in seconds was used as a measure of initial sensitivity.   
Custom cDNA microarrays 
cDNA microarrays were printed in house at the University of Texas, exactly as 
previously published (Mulligan, Ponomarev et al. 2006).  The spotted clones on the 
microarrays represented approximately 13,000 unique known genes (annotations current 
as of June 29, 2007 using SOURCE at http://source.stanford.edu/cgi-bin/source/sourceSearch ).  
Specific details for custom spotted cDNA microarray printing has been described 
elsewhere (Schena, Shalon et al. 1995). 
Brain tissue collection and RNA isolation 
Naïve adult animals from each supplier were sacrificed by cervical dislocation 
and the cortex (including striatum), hippocampus, cerebellum and ventral brain region 
(remaining brain region) were dissected.  The olfactory bulb was excluded from this 
study.  Dissected tissue was immediately frozen in liquid nitrogen and stored at –80 C.  
RNA was extracted according to the manufacturer’s protocol using RNA STAT-60™ 
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(Tel-Test, Inc., Friendswood, TX).  RNA concentration and integrity were determined 
using the NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, 
Wilmington, DE) and Agilent 2100 Bioanylizer and RNA 6000 Nano LabChip kit 
(Agilent Technologies, Palo Alto, CA) respectively.   
Microarray hybridization and normalization 
Total RNA for each brain region was used in subsequent microarray experiments. 
Microarray hybridizations were performed according to the manufacturer’s protocol 
using the Genisphere (Hatfield, PA) Array 350 kit using 3 ug per sample.  All 
experimental samples were end-labeled with Cy-3 (green channel 1) and hybridized 
against a common reference sample (total RNA from 100 adult male C57BL/6J mice) 
that was end-labeled with Cy-5 (red channel 2).  Use of a common reference resulted in a 
total of 64 microarrays completed; 8 arrays for each B6 substrain in each of the 4 brain 
regions.  Hybridized microarrays were immediately scanned using Axon GenePix 4000B 
dual channel laser scanners (Molecular Devices, Union City, CA).   Microarrays were 
gridded using the software package GenePix version 5.0 (Molecular Devices).  Lowess 
within-print-tip normalization was performed for each array using the R package, 
Statistics for Microarray Analysis (Yang, Dudoit et al. 2002).  All normalized intensity 
information from the arrays used in this study were uploaded and stored in the Longhorn 
Array Database (Killion, Sherlock et al. 2003). 
Microarray analysis 
Red channel 2 (Ch2) and green channel 1 (Ch1), net median intensities were 
downloaded from LAD and the Ch1 intensities for each gene were adjusted 
(standardized) by the reference Ch2 intensities for each gene as follows.  All intensity 
values less than 0 were given a value of 1.  All linear intensity information was then 
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converted to log2 intensity values.  For every gene on the microarray and for each 
experiment: Ch1S = Ch1 + (Ch2med - Ch2), where Ch1S  represents the standardized Ch1 
intensity for an experimental value of a gene, Ch1 and Ch2 are the original green and red 
intensities, respectively, that represent the experimental value for  that gene and Ch2med  
is the median value of the red channel intensities for that gene across all experiments.  
Outliers were removed by gene within each experimental group from the resulting 
normalized and standardized Ch1 intensity data.  Two filters were applied to the 
microarray dataset.  First, a filter was applied that removed genes that did not meet a 
minimum criteria of 6 (out of 8) Ch1 intensity values for each experimental group.  
Second, genes that did not exceed a minimum average Ch1 intensity threshold of 4.64 
(log2 scale) across all experimental groups tested were discarded on the basis that the 
signal was below the threshold for biological relevance to be determined.  Statistical 
significance was determined for each gene between experimental groups by t-test and 
false discovery rate estimation in the form of Storey’s Q-value (Storey and Tibshirani 
2003) or additionally as described below.  Both p-value and q-value (q) were calculated 
using the free statistical software program R (Ihaka and Gentleman, 1996).  Highly 
significant transcripts were selected for each brain region based on q < 0.05. 
Detection of similarly expressed genes in all four brain regions 
Transcripts that passed the intensity and missing data filter were evaluated for 
consistency of divergent expression between B6J and B6C across all four brain regions.  
The Student’s two-tailed t-test was used to compare B6J and B6C in each brain region.  
The resulting t-value (t) was used to estimate the effect size for each brain region as 
follows: Cohen’s d:  d = 2t / √df, where d is the effect size measure Cohen’s d and df is 
the degrees of freedom.  A two-tailed Z-test (z) was performed on the effect sizes to 
assess significance.  In order for a transcript to be considered to be highly significantly 
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divergently expressed between B6J and B6C in all four brain regions, we defined the 
following criteria: z<0.01, average |d| ≥ 0.8 and average fold change ≥ |1.5|).  Significant 
genes were clustered and dispayed using Cluster 3.0 (de Hoon, Imoto et al. 2004) and 
JavaTreeview (Saldanha 2004) software. 
Validation of expression data 
Quantitative real-time PCR 
Probes for D14Ertd449e and Plac9 were purchased from Applied Biosystems 
(Foster City, CA).  One µg of total RNA was taken from each of the 4 brain regions from 
4 B6J and 4 B6C mice and pooled together to create n= 4 whole brain RNA pools for 
each substrain. Validation was performed as described in (Ponomarev, Maiya et al. 2006) 
with the exception that 18s rRNA was used as the endogenous control.   
Overrepresentation analyses 
Overrepresentation for pathways, transcription factor binding sites, and 
chromosomal location were completed using WebGestalt, oPOSSUM, and a macro 
within Microsoft Excel® respectively.  Genes with similar patterns of expression in each 
substrain for each brain region were analyzed for overrepresented pathways using 
GOTree in WebGestalt (Zhang, Schmoyer et al. 2004; Zhang, Kirov et al. 2005) and for 
transcription factor binding site (TFBS) overrepresentation using oPPOSUM (Ho Sui, 
Mortimer et al. 2005).  A p<0.01 significance cut-off was applied in both cases.    
To investigate the effects of genotype on chromosome location-specific gene 
expression we compared chromosomal frequencies of genes differentially expressed 
between B6J and B6C to a random distribution (transcripts included were regulated in the 
same direction across all four brain regions based on z-test p<0.05 and average |d| ≥ 0.5). 
First, all transcripts that passed the expression detection threshold were sorted by their 
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gene symbols and the level of statistical significance. Then, transcripts with unknown 
gene symbols and all duplicated gene copies with lower statistical significance were 
removed. The remaining genes with unique genetic identifiers were then resorted 
according to their chromosomal location. The numbers of closely located genes 
significantly different between the two strains and regulated in the same direction were 
then calculated within 15-gene overlapping bins along the whole genome. To calculate p-
values associated with these frequencies the frequencies were then compared to a 
distribution of about 1.2 million frequencies calculated the same way and based on the 
same number of significantly regulated genes, but distributed randomly along the whole 
genome. This distribution was generated using 100 genome-wise permutations and a 
random number generator in Microsoft Excel®. Based on a binomial distribution, the 
frequency of 7 closely located similarly regulated genes (out of 15 genes in a bin) was 
considered to pass the significance threshold with p < 0.0002 and FDR < 13%. FDR was 
calculated as a proportion of the number of values equal or greater than 7 predicted from 












Chapter 4:  Overdominant Inheritance Patterns of Expression in a 
FVB.B6 F1 Hybrid with High Levels of Alcohol Consumption 
INTRODUCTION 
Human addictive behaviors are complex quantitative traits that can be explained 
by the interaction of genes, the environment and the interaction between genes and the 
environment.  For this reason, locating candidate genes for human behaviors such as drug 
and alcohol seeking can be quite difficult.  Although alcoholism is a disease with a 
significant genetic component, many of the genes and gene interactions involved in the 
addiction process remain unknown.  Rodent models have provided a basic approach to 
understanding the genetic underpinnings of components of the addiction pathway. The 
existence of many different inbred strains of mice provides an excellent genetic model 
system for testing the relationship between genes and alcohol related behaviors.  
Although human behaviors, like drug and alcohol addiction are too complex to model 
outright in a mouse, different components of the disease can be studied, such as the 
rewarding effects of ethanol or sensitivity or tolerance to the effects of alcohol.  The use 
of inbred strains also offers an advantage over human populations for studying complex 
behavioral traits because inbred animals are homozygous at all alleles, differ in a range of 
phenotypes and, in an ideal laboratory setting, the environment can be controlled and 
manipulated.   
In this study, as in the previous studies, the genetic predisposition for high alcohol 
consumption is being evaluated.  The component of the addiction process involved in this 
model system is sensitivity to the reinforcing effects of alcohol.  Many different 
techniques have been developed in which to measure different dimensions of the 
reinforcing effects of alcohol, including voluntary ethanol self-administration and 
conditioned place preference.  Twenty-four hour, two-bottle choice ethanol preference 
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has been used in many laboratories since it was first used in the late 1950’s to measure 
the preference for alcohol solutions of inbred strains of mice (McClearn and Rodgers 
1959; Fuller 1964).  In the two-bottle choice paradigm, preference for alcohol over other 
solutions can be thought of as a measure of the rewarding or reinforcing properties of 
alcohol.  This technique has proven to be a simple yet reliable measure both across 
laboratories and over time for the assessment of alcohol reinforcement (Wahlsten, 
Bachmanov et al. 2006).  Recent surveys of inbred strain alcohol preference using the 
two-bottle choice paradigm have shown that the strain with the highest preference for 
alcohol is C57BL/6J (B6) (Belknap, Crabbe et al. 1993).  As a consequence of this 
discovery, C57BL/6 animals are widely used to study alcohol-related traits because they 
will consume large quantities of alcohol and show nearly complete preference for 10% 
solutions of alcohol compared to water (McClearn and Rodgers 1959).  A recent study 
demonstrated that a B6 hybrid mouse (F1) that was the result of a cross between the high 
alcohol preferring B6 strain and a low alcohol preferring strain (FVB/NJ) showed even 
higher alcohol consumption than either parental strain (figure 4.1) (Blednov, Metten et al. 
2005).  The difference in alcohol consumption observed in the preceding study was likely 
not due to the effects of ethanol metabolism, taste preference or body weight.  The F1 
hybrid animals also showed alcohol preference and consumption similar to that of the B6 
parental strain in another paradigm (drinking in the dark, or DID) designed to lead to high 
blood alcohol concentrations (BAC) in a short time period, suggesting that both strains 
share the genetic propensity for high voluntary alcohol consumption.  The elucidation of 
the increase in two-bottle choice alcohol consumption in the F1 hybrid compared to the 
parental strains suggested the possibility that the behavior of high alcohol intake in these 
animals is the result of overdominance or epistasis and provided a framework for which 
to identify candidate genes underlying sensitivity to the reinforcing effects of alcohol.   
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The advancement of molecular and quantitative genetic techniques has lead to 
new attempts to investigate the interaction between genotype and phenotype.  Microarray 
technology allows for the global measurement of gene expression in an infinite number 
of samples and will continue to play an integral role in understanding how genes and the 
environment interact in order to create a response.  Understanding this interaction is the 
key to understanding disease development and maladaptive behavioral states, such as 
drug and alcohol addiction.  Several recent studies have used trancriptome profiling 
approaches to identify patterns of inheritance in F1 model systems.  The goal of such 
studies is to better understand the inheritance and regulation of transcript levels as well as 
the architecture of gene regulation.  In terms of modes of inheritance, many studies using 
maize have attempted to explain the phenomenon of heterosis or hybrid vigor.  For maize 
and other agricultural species, heterosis is the intriguing case in which the F1 hybrid of 
two inbred lines demonstrates increased performance compared to either parent.  Current 
models for heterosis involve complementation of deleterious mutations by dominant 
genes or overdominance resulting from combinations of alleles that offer enhanced 
performance (Lippman and Zamir 2007).  Although the phenotype of high alcohol 
drinking in the B6 hybrid, is not exactly the same phenotype as enhanced agronomic 
performance observed in maize F1 crosses, we can hypothesize that the same molecular 
events play a role in the enhancement of two-bottle choice alcohol consumption.   
For any F1 hybrid system, two models of gene expression have been proposed in 
regards to inheritance patterns in the F1 (Gibson and Weir 2005).  The first model 
assumes that hybrids will inherit the phenotype of gene expression in an additive manner.  
Additivity describes a transcript that is expressed close to the average of the two parental 
strains; this value is often described as the midparent level.  The second model assumes 
that transcript expression will be non-additive or dominant.  There are several different 
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modes of dominant expression; transcript expression in the F1 could be similar to one of 
the parental strains or F1 expression could be overdominant or underdominant to both 
parental strains in which case expression exceeds that of either parent or is less than each 
parental strain.  The two models of inheritance are not mutually exclusive and both 
additive and dominant inheritance patterns have been observed in maize, mice and 
drosophila (Gibson, Riley-Berger et al. 2004; Cui, Affourtit et al. 2006; Stupar and 
Springer 2006; Swanson-Wagner, Jia et al. 2006).  In some studies additivity exceeded all 
other forms of inheritance (Cui, Affourtit et al. 2006; Stupar and Springer 2006; 
Swanson-Wagner, Jia et al. 2006) and in other cases, inheritance was found to be 
primarily non-additive (Gibson, Riley-Berger et al. 2004).  In order to investigate the 
genetic contributions to high alcohol consumption in the B6 F1 model, whole brain gene 
expression in the FVB, B6 and FVB.B6 hybrid was assayed and then tested for additive 
and non-additive patterns of expression in the FVB.B6 hybrid.  Special attention was 
given to the genes that show under- and overdominant expression as they may play a role 
in the development of enhanced consumption compared to B6 in the two-bottle choice 



































Figure 4.1: Consumption of alcohol solutions in C57BL/6, 
FVB/N and FVB.B6 hybrid strains. Consumption is measured 
in grams (g) of alcohol consumed per kilogram (kg) body 
weight. The x-axis shows the percentage of alcohol solution 
over time in days. Female (A) and male (B) FVB.F1 hybrid 
mice consume more alcohol than either parental strain. Figure 
published previously in Blednov, Metten at al. 2005.   
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RESULTS 
Clustering revealed patterns of both additive and non-additive inheritance in the F1 
hybrid 
A total of 32,979 transcripts met the criteria for reliable expression.  Of those 
transcripts, 3,012 were identified as significantly divergent in one or more of the three 
genotypes (P<0.05) by one-way ANOVA.  Heirarchical clustering of the significant 
genes by strain (experiment type) revealed that the hybrid strain is more similar to the 
FVB parental strain than it is to the B6 parental strain (Figure 4.2).  It is possible that 
maternal strain influences transcript inheritance in the F1 since FVB is the maternal strain 
in the F1 hybrid, however, without an analysis of brain gene expression in the reciprocal 
hybrid (B6.FVB) these results are not conclusive.  It should be mentioned that there is no 
difference in two-bottle choice alcohol consumption between reciprocal B6.FVB and 
FVB.B6 hybrids (Blednov, Metten et al. 2005).  Other studies in drosophila and mice 
found that global gene expression in the F1 reciprocal crosses was more similar to each 
other than to either parental strain (Gibson, Riley-Berger et al. 2004; Cui, Affourtit et al. 
2006).  
K-means clustering organizes gene expression data based on assignment of genes 
into a user defined number of clusters (k) with the goal of reducing the variance within 
each cluster.  Figure 4.2 shows the results of K-means clustering of the 3,012 
significantly divergent transcripts with k=6.  Nearly a quarter of the transcripts were 
localized to two clusters that displayed overdominance and underdominance relative to 
parental strain expression (figure 4.3A).  The remaining 4 clusters showed divergent 
expression patterns between the parental strains that were either additive or dominant in 
the F1 (figure 4.3B)  The first two clusters in panel B show transcripts whose expression 
patterns are similar between the FVB parental strain and the F1 hybrid strain.  The last 
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two clusters show a pattern of expression in the F1 that was more similar to the B6 strain.  
Although genes with additive patterns of expression in the F1 did not assemble into 
independent clusters from genes with dominant patterns of expression, (multiple values 
of k were attempted in the K-means algorithm) they can be visualized in all four clusters 
in panel B as black regions or regions with intermittent levels of red and green within 
each cluster (see Figure 4.3B).  The clustering together of transcripts that have both 
additive and non-additive expression in the F1 revealed the broad range of expression 
patterns in the F1.  The strongest factor in grouping expression patterns in this data set 
seemed to arise from the divergence in expression between the two parental strains.  
When there are large differences in expression between the parental strains, the level of 
expression in the F1 falls somewhere between the midparent value (complete additivity) 
and one of the parental values (complete parental allele dominance).  When parental 
























Figure 4.2:  Clustering by genotype.  Significantly divergent transcripts were clustered 
by experiment. Heirarchical clustering groups objects together based on the similarity 
between objects; in this case, gene expression.  The length of the vertical arms in the 
clustering dendrogram is a measure of the linkage or correlation between groups.  The 






















Figure 4.3: K-means clustering of the significantly divergent genes.  Green represents 
upregulation and red represents downregulation. (A) Genes that show overdominant 
expression in the F1.  The first cluster represents genes with enhanced expression 
compared to the parental strains and the second cluster represents genes with decreased 
expression compared to the parental strains.  (B) Expression between parental strains is 
divergent in all four clusters. Expression in the F1 resembles expression in one parental 
strain. Asterix indicate examples of regions that appear to show expression in the F1 that 
is more additive than dominant. 
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Dominance effects are more prevalent in the F1 than additive effects 
In order to evaluate additive and non-additive expression in a quantitative manner, 
statistical tests for additive, dominance and overdominance were applied to the entire 
dataset.  Additive (a) and dominant (d) effects, along with the associated p-values, were 
calculated for each gene as described in the methods.  When dominance effects are 
present, |d|>0 and the offspring deviate from the midparent value by the amount d.  In the 
case that d=0, the inheritance pattern is completely additive.  Due to biological and 
technical error, d is never completely 0 and significance testing is used to determine the 
effects of additivity.    
An examination of the distribution of p-values revealed that there are many more 
transcripts that show very low p-values for dominance effects compared to additive 
effects (figure 4.4B and figure 4.4C).  Assuming p-values are normally distributed, a 
large excess of low p-values indicates a true difference and the false discovery rate will 
be low.  At the p<0.01 level, 842 transcripts are significant for the additive effect and 
5,548 transcripts are significant for the dominance effect.  When there is complete 
additivity, the value of d is close to 0 and the observed expression in the F1 hybrid is 
approximately equal to the midparent expression.  If there is a strong correlation between 
the midparent value and the F1 hybrid then the expression in the F1 is influenced 
primarily by additivity.  Many of the genes show a low correlation between the midparent 
value and F1 expression, especially at moderate intensity levels (figure 4.4A). Higher 
intensity levels are less abundant in the dataset but tend to show a better correlation, 
perhaps due to a ceiling effect in either expression biological expression levels or in 
fluorescence detection.  
The ratio of the dominance effect to the additive effect (d/a) is another measure of 
non-additivity. Complete dominance can be visualized by |d/a|=1 while additivity occurs 
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when d/a=0. Any value of |d/a|>1 indicates overdominance.  A plot of d/a reveals a large 
abundance of genes displaying nonadditive expression, although all forms of expression 
patterns are represented (figure 4.5).  Once again, there were a greater number of genes 
that showed a dominance effect.  It also appeared that there were more cases of B6 allele 

























Figure 4.5:  Analysis of additive and dominance effects.  (Top) The F1 mean 
was plotted against  the midparent mean.  In the case of pure additivity the 
midparent value would equal the F1 mean and all the points would lie on the line 
with slope equal to 1.  The lack of a strong correlation for much of the data 
indicates a strong dominance effect on F1 expression. (Bottom) Additive and 
dominance effects were tested for significance and the frequency of the resulting 
p-values were displayed as two histograms.  Both effects have an excess of low p-






Figure 4.6:  Scatterplot of additive and dominant expression patterns.  The horizontal 
and vertical axis represent complete additivity and dominance respectively.  The line with 
slope of 1 and -1 represents B6 and FVB allele dominance respectively.  Red is not 
significant, green represents significant dominance effects and blue represents significant 
additive effects.  Yellow represents significantly overdominant transcripts.  Purple 
indicates significant dominance and additive effects, or allele dominance.                              
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Analysis of the localization and function of significantly overdominant genes 
Of the genes that were found to be significantly overdominant (OD), 65 were 
expressed above parental levels and 63 were expressed below parental levels (table 4.1).  
An analysis of function revealed that a wide range of cellular functions are represented 
and that many of the OD genes played a role in multiple cellular processes (table 4.2).  
Approximately 20% of the OD genes were membrane proteins and nearly 30% were 
involved in metabolism. Several OD genes have protein interaction domains (PH 
domains) and some were involved in transcriptional regulation and intracellular signaling 
processes.  Interestingly, a large portion of the OD genes were of unknown function and 
were not annotated as known genes.  Many of these transcripts lie within the boundaries 
of known genes and may actually represent alternatively spliced products that have not 
yet been officially associated with a gene. 
Most OD genes appeared to be randomly distributed across the chromosomes 
(figure 4.6).  Two chromosomes had the most abundant concentrations of OD genes; 
thirteen OD genes on chromosome 7 and nine OD genes on chromosome 11.  No OD 
genes localized to chromosome 18.  With the exception of chromosome 9, in which all 
OD genes were underdominant to the parental strains, both under and overdominant 
genes are represented on each chromosome.  There are several instances were two or 
more OD genes appear to be co-localized near each other on chromosomes and in some 
of these cases the direction of expression is the same.  In addition to mapping the location 
of the OD genes, the distribution of known single nucleotide polymorphisms (SNPs) 
between the parental strains was mapped onto each chromosome (figure 4.6).  Many 
regions of the chromosomes contain dense SNP mapping, including several regions that 
contain OD genes.  Approximately 50% of the OD genes contain SNPs between the 
parental strains (table 4.4).  While many of the known SNPs were intronic or 
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synonomous within a coding region, 29 OD genes contained SNPs that were located 
within regions that could have an effect on transcription or translation: potential 
regulatory regions, untranslated regions (UTRs), or within a coding region and 
nonsynonomous (table 4.4).  Fourteen OD genes actually contained SNPs in two or more 























Table 4.1: Significant overdominant genes; enhanced in F1. All transcripts that show 
enhanced expression in the F1 compared to either parental strain are shown. CLID, clone 
identification; GBA, genebank accession; EntrezID, Entrez gene number, Chr, 
chromosome; AVG, average, HSD, Tukey’s post hoc test p-value; FC, fold change; blue, 
B6; green, F1; yellow, FVB.  A negative number indicates the mean of the first strain is 
higher than the mean of the second strain and a positive number indicates the opposite.  
Criterion for significance is |d/a|>1 and a significant difference (p<0.05) in expression of 




Table 4.2: Significant overdominant genes; reduced in F1. All transcripts that show a 
reduction in expression in the F1 compared to either parental strain are shown. CLID, 
clone identification; GBA, genebank accession; EntrezID, Entrez gene number, Chr, 
chromosome; AVG, average, HSD, Tukey’s post hoc test p-value; FC, fold change; blue, 
B6; green, F1; yellow, FVB. A negative number indicates the mean of the first strain is 
higher than the mean of the second strain and a positive number indicates the opposite.  
Criterion for significance is |d/a|>1 and a significant difference (p<0.05) in expression of 




Table 4.3: Function of overdominant genes. DAVID and WebGestalt were 
used for functional group analysis.  Function is described in the left column.  The 
gene symbols are shown in the middle column.  Bold lettering indicates 
overdominance and italics indicate underdominance. Asterisks indicate that a 
fuctional group was determined to be significantly overrepresented (p<0.01) by 














Figure 4.7:  Distribution of overdominant genes and SNPs. Approximate gene 
location is indicated by the red cross.  Gene symbol shown to the left of the chromosome 
and relative SNP density shown to the right.  Italics, underdominance; 
bold,overdominance; green dots, 1 or more SNPs in intronic regions or withing coding 
regions that are predicted to be synomous (a synomous mutation does not result in a 
change in the amino acid sequence); blue asterisks, SNP is nonsynomous, within 


















Table 4.4: Detailed SNP information. Cn, coding nonsynonomous; Cs, coding 
synonomous; UTR, untranslated region; I, intron (except first and last two bases); and L, 
locus region (a region that is not transcribed but may be a regulatory region for the gene 
locus).  The shading highlights instances of each kind of SNP. 
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Transcription Factor Binding Site Overrepresentation Analysis 
Transcription factor binding site (TFBS) analysis was used to test for a common 
element controlling the expression of the OD genes. The region spanning 2,000 base 
pairs prior to the transcription start site of the overdominant and underdominant genes 
was scanned for the presence of TFBSs using the oPOSSUM database (Ho Sui, Mortimer 
et al. 2005).  Five transcription factors were identified that had a significant p-value 
and/or Z-score for overrepresentation (table 4.5).  Thirty-seven genes with overdominant 
expression were analyzed for TFBS overrepresentation and the TFBS for ELK1 and SP1 
were significantly represented in 23 and 20 genes respectively.  Eighteen overdominant 
genes shared TFBS for ELK1 and SP1 (the consensus sites for ELK1 and SP1 contain 
distinct sequences) indicating a level of higher order transcriptional regulation.  Forty-
two genes with underdominant expression in the F1 were included in the 
overrepresentation analysis.  The TFBS for Roaz, RREB1 and Pax4 were found to be 
significantly overrepresented amongst the underdominant genes.  Relatively few 
underdominant genes contained the TFBS for RREB1 (4 genes) and Pax4 (2 genes) but 
the p-values and Z-scores for overrepresentation of these two TFBS were highly 
significant. Twelve genes contained the TFBS for Roaz.  No underdominant genes 
contained all three TFBS, but three genes contained the TFBS for both Roaz and RREB1 





















Table 4.5:  Results of oPOSSUM Transcription Factor Binding Site Analysis 
(TFBS).   TF is transcription factor, IC is the information content (the specifity of the 
position weight matrix of the TFBS), Z-score is expressed in magnitude of the standard 
deviation and takes into account the number of times the TFBS occurs within a target 
gene list compared to a background gene list and the Fisher score is the p-value for 
overrepresentation and takes into account the number of genes in a target gene list that 
contain a given TFBS compared to the number of genes in a background list that contain 
the same TFBS. Bold indicates overlap between TFBS in genes over-expressed in the F1 
(top panel) and italics represent overlap between TFBS in genes under-expressed in the 
F1 (bottom panel). 
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Several genes with overdominant expression overlap with genes expressed in high 
alcohol preferring mice and are alcohol responsive 
 In chapter 2, the brain gene expression of three selected lines of mice and 
six isogenic strains of mice that differed in their consumption of alcohol were compared 
and gene expression that was shared between high and low consuming mice was 
identified (Mulligan, Ponomarev et al. 2006).  The F1 mice in the present study were 
included in the larger panel of mice from the previous study.  In order to asses if any of 
the OD genes are genes that are known to have divergent expression between high and 
low alcohol consuming mice, the ODgenes were overlapped with the results of the meta-
analysis in chapter 2.  Only 4 genes that showed F1 underdominance overlapped with low 
gene expression in high drinking mice compared to low drinking mice and 9 genes 
showed overdominant expression in the F1 compared to the parental B6 and FVB 
genotypes and had high expression in high drinking mice compared to low drinking mice 
(table 4.6A). Dab2 (Disabled homolog 2) had also been previously identified as a 
vulnerability loci for alcohol dependence in humans through a pooled association genome 
scan using SNPs in populations of alcoholics and non-alcoholics (Johnson, Drgon et al. 
2006). 
 Several microarray studies completed at the University of Texas (S.E. 
Bergeson) involved B6.FVB hybrid animals that had been exposed to alcohol using the 
DID paradigm.  In the DID procedure mice are given access to a solution of alcohol for a 
limited period during the first few hours of the dark cycle.  Mice are nocturnal animals 
and they tend to be more active in the initial phase of the dark cycle and will tend to 
consume more fluid during this period of time. When given alcohol solutions as their 
only source of liquid mice tend to consume moderate to large quantities of alcohol in a 
short time frame and this method has proven useful for generating high BACs in mice 
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(Rhodes, Best et al. 2005).  B6 mice consume a great deal of alcohol using this paradigm 
and F1 mice consume comparable levels (Blednov, Metten et al. 2005; Rhodes, Ford et 
al. 2007).  Whole brain gene expression of adult male FVB.B6 mice that had been 
allowed to consume alcohol according to the DID paradigm (Rhodes, Best et al. 2005) 
was compared to control alcohol naïve mice.  The F1 mice used in this study had a mean 
BAC of 0.9 mg/ml ±2 (SEM) (0.09%) which is actually above the legal limit for alcohol 
intoxication for humans observed in most American states.  Eleven overdominant genes 
showed a significant change in expression after alcohol consumption (table 4.6B).  All of 
the genes that were alcohol responsive were genes whose expression was above that of 
the parental strains (overdominant).  Interestingly, about half of the overdominant genes 
showed increased expression after alcohol consumption in the DID paradigm and the 
remaining half showed decreased expression.  Four of the ethanol responsive 
overdominant genes were also identified previously in the meta-analysis overlap.  It 
should be noted here that the animals used in the present study were female animals and 
that the animals that were exposed to alcohol were male animals.  Female mice usually 
consume more alcohol than male mice, however, both male and female F1 hybrids 
consumed more alcohol than their same sex parents (Blednov, Metten et al. 2005).  The 
mice in the DID study achieved relatively high BACs and the gene expression changes 
observed for the overdominant genes are most likely the result of alcohol administration 
so we can hypothesize that the overdominant genes may behave the same in female 
animals when exposed to the same level of alcohol.  Further testing will be required to 







Table 4.6:   Significant Overdominant genes known to be associated with alcohol 
consumption in high alcohol consuming mice and alcohol responsive genes. CLID, clone 
identification; GBA, Genebank accession; EntrezID, Entrez gene number; AVG, average, 
HSD, Tukey’s post hoc test p-value; FC, fold change; blue, B6; green, F1; and yellow, 
FVB. (A) Most overlaps occur in the direction of enhanced expression in the F1 and high 
expression in high alcohol consuming animals from the meta-analysis in chapter 2. (B) 
Alcohol Responsive Genes. DID F1 AVGc and DID F1 AVG e stand for the mean 
intensity value for the control group and ethanol group respectively. E or e, alcohol; C or 
c, control; and p-value, from t-test.  Columns 7 and 8 contain p-value and fold change 
information from the t-test comparison between the ethanol and control group. The 9th 
and 10th columns contain fold change information for the F1 compared to each parental 
strain for the naïve female animals.  An asterisk indicates overlap with the meta-analysis 
data.  Blue shading indicates genes up-regulated by alcohol in F1 male animals and the 
tan shading indicates genes down-regulated by ethanol in F1 male animals. 
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DISCUSSION 
Despite having been inbred for many generations, B6 and FVB were originally 
derived from different progenitor strains.  B6 was derived from the murine stock of CC 
little in 1921 and FVB originated from Swiss Webster mice in 1932 (Beck, Lloyd et al. 
2000), consequently, the two parental strains are not closely related (Tsang, Sun et al. 
2005) and are highly polymorphic (figure 4.8) . According to the Mouse Phenome 
Database, there are currently, 10,749,600 and 7,504,840 SNPs that have been 
documented for B6 and FVB respectively (Bogue, Grubb et al. 2007). The existence of 
SNPs between B6 and FVB parental strains could result in a difference in expression 
levels or protein function between parental strains which could be transmitted to the F1.  
The contributions of many allelic differences in the parental strains may underlie the 
large number of genes that follow the overdominant mode of inheritance in the F1.  
Overdominant gene expression could be caused by the interaction of polymorphisms in 
cis or by the combination of dominant alleles interacting in trans.  Regardless of the 
mechanisms of action, a large number of genes show overdominant expression in the F1 
and over 100 are statistically significantly overdominant.  Nearly half of these 
overdominant genes contain known SNPs between the parental strains.  Future 
quantitiave trait loci (QTL) studies may be able to establish if any of the overdominant 
genes in this study that contain SNPs between the parental strains are linked to the 
phenotype of alcohol consumption. It will also be interesting to dissect the contributions 
of dominant and overdominant alleles to the phenotype of high alcohol consumption 
observed in the FVB.B6 F1 strain.  
Based on the results of this study, it appears that the mode of inheritance for genes 
that are significantly divergent in at least one of the three strains (p<0.01, ANOVA) is 
largely dominant.  Perhaps dominant expression is the norm between two highly 
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divergent inbred strains that contain a large number of dominant alleles.  It does seem 
that a great many B6 and FVB alleles appear to be dominant in one strain and not the 
other given the large number of highly divergent transcripts between the parental strains.  
One such study of F1 inheritance patterns in a cross between A/J and B6 mice did not 
observe a large effect of dominance in the F1, although many instances of overdominance 
were observed (Cui, Affourtit et al. 2006).  However, in the previous study, a different B6 
hybrid system was analyzed and gene expression was compared in a different tissue 
(liver).  In addition, both reciprocal crosses were included as well as an estimation of the 
contributions of technical error to the estimates of heritability.  More research is needed 
to investigate how the expression patterns in other F1 hybrids are influenced by parental 
genotype when other inbred strains of mice are used.   
The main focus of this study is on genes that show overdominant patterns of 
expression (overdominance and underdominance) in the F1 hybrid of FVB and B6 mice 
because the phenotype of two-bottle choice alcohol consumption also shows 
overdominance.  Many of the overdominant genes are assigned to diverse functional 
groups and are involved in several different cellular processes including signal 
transduction and transcriptional regulation.  A change in the levels of these genes could 
have a profound effect on many other genes or pathways in the brain.  Interestingly there 
is some evidence for coregulation of some of the overdominant genes based on TFBS 
overrepresentation and chromosomal location.  As discussed previously, a number of the 
overdominant genes contain SNPs between parental strains that may contribute to the 
overdominance gene expression phenotype of the F1.  Further research is needed to 
determine the molecular genetic basis for the overdominant patterns of inheritance 
observed in the F1.   
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 Interestingly, thirteen genes that show expression that is significantly 
enhanced in the F1 compared to the B6 and FVB parental strains overlap with genes that 
have previously been associated with high alcohol consumption.  It is possible that 
enhancement of these genes can lead to an increase in two-bottle choice alcohol 
consumption in the F1, although the genes that overlap here are likely to be small effect 
size genes because the difference in expression of those genes between the high 
consuming parental strain and the low consuming parental strain is minimal.  Currently, 
studies that compare gene expression before and after alcohol consumption are underway 
in the F1.  An attempt was made, using preliminary data from one such study to identify 
overdominant genes that are alcohol responsive.  As was the case of the 13 genes that 
overlap with increased expression in the F1 and high alcohol consuming mouse models, 
all of the genes that showed a response to alcohol were over-expressed in the F1.  About 
half of the alcohol responsive genes showed an increase after alcohol exposure.  Of 
interest is the fact that Cdc34, Dpm2 and Olfm1 are overexpressed in the F1, increased 
after drinking and have similar expression in mouse models of high alcohol consumption. 
Gnb2 is also an interesting candidate because its expression levels are greatly enhances 
after alcohol consumption.   
Much work is still needed to dissect the genetic components of inheritance in the 
FVBxB6 F1 hybrid and determine which genes are involved in the overdominant alcohol 
phenotype observed in the F1.  This study offers a first glimpse into the modes of 
inheritance observed as well as into the genes that share an overdominant expression 
phenotype with a behavioral phenotype.  Future studies, such as QTL analysis, will be 
needed to confirm the involvement of the overdominant genes detected in this study and 
the specific functions of each gene in the development of two-bottle choice alcohol 
drinking can be investigated. 
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Figure 4.8: Relatedness between inbred mouse strains.  Red lettering indicates 
origin of each cluster.  Arm length of the branches gives an indication of relatedness.  
Red boxes highlight inbred mouse strains discussed in one or more of the chapters 
(Petkov, Ding et al. 2004). 
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MATERIALS AND METHODS 
Animal husbandry 
B6, FVB and FVB.B6 (F1) mice were bred in house from adult male and female 
mice (1:1) supplied from Jackson Laboratories.  FVB, B6 and F1 mice bred in house 
were weaned at 21 days and fed a diet of PROLAB RMH 1800 which contains a 
minimum of 18% crude protein, 5% minimum crude fat and 5% minimum crude fiber.  
Weaned animals were housed with up to 5 same sex animals on a 12 hour light/dark cycle 
until the mice were sacrificed for microarray analysis at 70 to 100  days old.  All animals 
were naïve to alcohol. 
Microarray analysis 
Tissue collection, RNA extraction and hybridization was completed as described 
in the methods section of chapter 3 with the exception that the whole brain (excluding 
olfactory bulbs) from 5 female animals of each strain was included in the microarray 
analysis.   
Determination of additive and dominance effects 
For each trait (transcript), the value of a, the additive effect or the average effect 
of an allele substitution (Falconer and Mackay 1996), was calculated as one-half the 
phenotypic (expression level) difference between the means of the two homozygous 
inbred strains, or B6 and FVB.  In this case, the difference was always calculated as B6 – 
FVB, which yields positive values of a when the B6 genotype shows higher expression 
values, and negative if the FVB genotype shows higher expression values.   Also, d, the 
dominance deviation (Falconer and Mackay 1996; Kearsey and Pooni 1996), was 
calculated as the difference between the phenotypic mean of the F1 heterozygotes and the 
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average (midpoint) of the two inbred strains. Both a (additive) and d (dominance) effects 
on expression values were expressed in pooled within genotype SD units. The sign of d 
was positive if the F1 heterozygote mean expression level scored above the mean of the 
two inbred strains, and was negative if below.  The ratio d/a was then determined 
(Kearsey and Pooni 1996); this value is 0 with no dominance, 1.0 with complete B6 allele 
dominance, and >1.0 with B6 allele overdominance.  On the other hand, negative d/a 
ratios reflects FVB dominance or overdominance, respectively. The sign of d/a was 
positive if the B6 allele showed any degree of dominance (FVB allele is recessive), but 
was negative if the FVB allele showed any degree of dominance (B6 allele is recessive). 
These parameter estimates were calculated using a custom R code script file (courtesy of 
J.K. Belknap, script available on request) (Storey and Tibshirani 2003).  
Tests of significance for a (additive) and d (dominance) effects on expression values.   
The observed values of a and d were tested against the null hypothesis that either 
parameter was equal to zero.  Because a and d were expressed in pooled within genotype 
standard deviation units, the following equation was used to calculate Student’s t for a 
two-group, two-tailed comparison (Equation 1): t = |a| (df )1/2, where df = 8 for a 
(Rosenthal 1994).  For d, |d| was substituted for |a| in Equation 1 and df = N (15 arrays) – 
2 = 13 for a test of the F1 mean tested against the mean of both inbred strains pooled 
together.  The test for overdominance was a test that the F1 mean fell outside the range of 
the two inbred strains and was significantly different from each of them at p < 0.05 (Cui, 
Affourtit et al. 2006).  Note that this does not correct for multiple testing.  Histograms, 
correlations and scatterplots based on calculation of additive and dominance effects and 
significance were graphed using the R 2.6.0 software for Microsoft Windows®.  
 127
Hierarchical and K-means clustering 
Hierarchical clustering by experiment was performed using the Longhorn Array 
Database (LAD) on centered log2 R/G median values (Killion, Sherlock et al. 2003).  
Only transcripts that were significantly different by ANOVA (P<0.01) were clustered.  
K-means clustering (k=6) was performed on centered and normalized log2 R/G median 
values using the freely distributed Cluster 3.0 (de Hoon, Imoto et al. 2004)  Raster 
displays were created with  JavaTreeview (Saldanha 2004) software. 
Functional Overrepresentation Analysis 
 Functional group/pathway analysis was performed using the DAVID  
Bioinformatics Resource (http://david.abcc.ncifcrf.gov/) and the WebGestalt  Gene Set 
Analysis Toolkit (Zhang, Kirov et al. 2005).  Transcription factor binding site (TFBS) 
overrepresentation analysis was completed using the oPOSSUM database to analyze 
2,000 bp upstream of the transcription factor start site for overdominant and 
underdominant gene lists as previously described in the methods section of chapter 3 (Ho 
Sui, Mortimer et al. 2005). 
 
Chromosome distribution and SNP analysis of overdominant genes 
Overdominant (overdominant and underdominant) genes were plotted according 
to their approximates chromosome location using the chromosome distribution chart 
function in the WebGestalt database (Zhang, Kirov et al. 2005).  SNP frequencies and 
descriptions were extracted from the Mouse Phenome Database (MPD, 
http://phenome.jax.org/pub-cgi/phenome/mpdcgi?rtn=docs/home) SNP collection.   
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Overlap with the alcohol preferring mouse models from the meta-analysis 
Transcripts that showed significant overdominant expression (see methods section 
above) in the F1 were compared to transcripts that were expressed significantly higher 
(Q<0.05 and average |d|>0.5) in alcohol preferring mouse models compared to alcohol 
non-preferring mouse models.  Transcripts that showed underdominant expression in the 
F1 were compared to transcripts that were expressed significantly lower ((Q<0.05 and 




















Chapter 5: Conclusion 
MICROARRAY META-ANALYSIS 
Much evidence from studies in humans and animals supports the hypothesis that 
alcohol addiction is a complex disease with both hereditary and environmental 
influences.  The contribution of many environmental factors makes it difficult to study 
the genetic determinants of excessive alcohol consumption in humans.  Fortuitously, 
many mouse models show high, or low, voluntary alcohol drinking providing a unique 
opportunity to approach the molecular complexities underlying the genetic predisposition 
to drink alcohol.  Three different microarray studies were completed in order to 
characterize the brain expression profiles of many of these mouse models.       
In the first study, microarray analyses of brain gene expression in 3 selected lines 
and 6 isogenic strains of mice known to differ markedly in voluntary alcohol 
consumption provided over 4.5 million data points for a meta-analysis.  A total of 107 
microarrays were obtained and arranged into 4 experimental data sets allowing 
identification of 3,800 unique genes significantly and consistently changed between all 
high and low alcohol consuming models.  Seventy-five top candidate genes were 
identified including some genes known to be involved in alcohol consumption or 
associated with a response to drugs of abuse such as Prkce and Gnb1 respectively.  Other 
top candidate genes, such as B2m and Scn4b, have not previously been associated with 
alcohol or addiction phenotypes and may not otherwise have been identified as playing a 
role in alcohol consumption in mice.  Preliminary results from several other laboratories 
indicate that B2m and Scn4b are indeed involved in several responses to alcohol 
(unpublished data).  The 3,800 unique transcripts consistently changed in the brains of 
high and low alcohol consuming mouse models were further filtered into 36 genes that 
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overlap with mouse alcohol preference QTL and human QTL for alcohol vulnerability. 
Further analysis may reveal if these genes are involved in aspects of alcohol consumption 
in mice and the genetic predisposition to alcoholism in human populations.  Data from 
the general meta-analysis was further filtered by a congenic strain microarray set, from 
which cis-regulated candidate genes for an alcohol preference quantitative trait locus on 
chromosome 9 were identified: Arhgef12, Carm1, Cryab, Cox5a, Dlat, Fxyd6, Limd1, 
Nicn1, Nmnat3, Pknox2, Rbp1, Sc5d, Scn4b, Tcf12, Vps11, Zfp291 and four expressed 
sequence tags.  Four of these genes, including Scnb4 are also correlated with alcohol 
preference.   The research described here provides the first use of a microarray meta-
analysis to analyze expression associated with a particular alcohol related behavior, in 
this case, alcohol preference, and the first use of a congenic strain for the identification of 
cis-regulated transcripts.  We also introduce new methodologies for comparing 
microarray experiments across different platforms and different laboratories.  Our 
microarray meta-analysis is an important database of gene expression differences 
between mouse models divergent in alcohol consumption and is an extremely valuable 











BRAIN REGION MICROARRAY ANALYSIS BETWEEN C57BL/6 SUBSTRAINS 
Owing to their predisposition for high voluntary alcohol consumption, C57BL/6 
mice have been widely used as a research model; including for the study of alcohol-
related traits. In the second microarray study, two substrains of B6 mice separated by a 
span of approximately 50 years at two different breeding facilities, Charles River 
Laboratories (C57BL/6NCrl) and Jackson Laboratories (C57BL/6J), showed a significant 
difference in both two-bottle choice alcohol consumption and preference.  The 
divergence in drinking behavior is likely not due to environmental differences, 
divergence in taste discrimination or metabolic differences between the substrains.  
Microarray analysis was used to determine strain differences in brain gene expression for 
the cortex and striatum, hippocampus, cerebellum and the ventral brain region.  Although 
C57BL/6J and C57BL/6NCrl mice share the same B6 name, evidence was provided that 
they differ fundamentally at the level of the transcriptome as we found 86 transcripts that 
are consistently and highly changed between substrains across all four brain regions and 
over 100 transcripts that are highly significantly changed in one or more brain regions. 
Genome-wide analysis for clusters of significantly co-localized and co-regulated genes 
revealed 4 chromosomal regions that contain clusters of genes that are regulated by 
higher order mechanisms.  Analysis of chromosomal distribution also revealed regions on 
chromosomes 14 and 4 that contain apparent copy number gains in the C57BL/6J 
genome that may be missing in the C57BL/6NCrl substrain.  Interestingly, the expression 
of a representative gene from the chromosome 14 region, D14Ertd449e, seems to vary 
between inbred strains of mice and data from several comparative genomic scans seems 
to support the hypothesis that different copy numbers exist for this gene in different 
inbred strains as well as between the B6 substrains and could account for the observed 
differences in brain gene expression.  One of the overarching goals of the research 
 132
presented here is to integrate various microarray databases in order to facilitate the 
identification of genes involved in alcohol consumption in mice.  Towards that goal, gene 
expression between the C57BL/6 substrains was compared to gene expression between 
high and low alcohol consuming mouse models from the results of the microarray meta-
analysis in chapter 2 and 24 genes were identified that overlapped between datasets.  The 
results of this analysis seem to indicate that, not surprisingly, C57BL/6J mice have 
retained more genes/transcripts associated high alcohol consumption and preference as 
evidenced by the fact that the majority of the overlap with preferring animals occurs in 
C57BL/6J mice.  The small amount of genes shared between C57BL/6NCrl mice and 
alcohol non-preferring mouse models is consistent with the observation that the Charles 
River Laboratory substrain has an intermediate alcohol consumption phenotype.  
Although not included as one of the 3,800 genes consistently changed between mouse 
models in the microarray meta-analysis, D14Ertd449e is also consistently divergent 
between high and low alcohol consuming mouse models (d = 1.7), although the false 
discovery rate estimation was sub-threshold for inclusion into the larger list of 3,800 
unique transcripts (q = 0.08).  Intriguingly, D14Ertd449e expression is also significantly 
(p < 0.05) positively correlated with alcohol preference according to the WebQTL 
database (www.genenetwork.org).  The function of the D14Ertd449e gene is unknown 
but this gene represents a top candidate gene involved in alcohol consumption differences 
between B6 substrains as well as between mouse models with divergent levels of alcohol 
consumption and will be the focus of future research.  The transcriptome characterization 
described here represents a valuable tool for the future investigation of phenotypic 
differences, both alcohol related and otherwise, observed between these sister substrains. 
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MICROARRAY ANALYSIS OF GENE EXPRESSION IN A FVB.B6 F1 HYBRID  
In the field of agriculture, it has long been observed that the offspring resulting 
from the cross between two different inbred strains commonly show hybrid vigor or 
overdominance; enhanced agronomic performance compared to either inbred parental 
strain. In the third microarray study, the phenotype of overdominant two-bottle choice 
voluntary alcohol consumption was investigated through comparison of the expression 
patterns in the brains of two inbred parental strains (B6 and FVB) and the resulting F1 
hybrid (FVB.B6). The pattern of drinking observed in the F1 was very unusual because 
most mice tend to show avoidance for highly concentrated alcohol solutions but the F1 
will consume large amounts of alcohol at high concentrations.  It was previously 
hypothesized that the enhanced consumption of the F1 hybrid strain could be due to 
overdominance (Blednov, Metten et al. 2005).  Indeed, the results of the expression 
analysis confirmed that many genes showed overdominant patterns of expression in the 
F1.  It also appeared that most of the significant expression in the F1 showed extensive 
patterns of dominance.  Both overdominant and underdominant genes were involved in 
many different pathways including transcriptional regulation, cellular signaling and 
metabolism.  Several overdominant genes were identified as being similarly expressed in 
high or low alcohol consuming animal models, Cdc34, Dpm2 and Olfm1, and several 
genes were very ethanol responsive, including Gnb2.  These genes are good candidate 
genes for underlying the enhanced drinking observed in the F1.  Interestingly, there was 
more overlap between genes with overdominant expression (enhanced expression in the 
F1 compared to either parental strain) and genes expressed at a higher level in alcohol 
preferring animals from the meta-analysis in chapter 2.  No genes with underdominant 
patterns of expression were found to be alcohol responsive.  It is possible that several 
overdominant genes may be playing a role in reducing avoidance for high concentrations 
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of alcohol in the F1 and further study is necessary to correlate the expression pattern of 
the overdominant genes with the overdominant phenotype of high voluntary alcohol 
consumption. FVBxB6 recombinant inbred strains are currently being generated at 
another university for the detection of QTL regions for alcohol consumption in the F1 
model system and any of the overdominant genes detected by this microarray analysis 
that overlap with a QTL region will be strong candidate genes for high alcohol 
consumption.   The FVB.B6 F1 hybrid also represents an excellent model system for 
dissecting the molecular mechanisms that underlie overdominant patterns of expression 
and investigation of patterns of overdominance in the FVBxB6 recombinant inbred 


















The work described in this dissertation provides a foundation for future research 
that will eventually contribute to a better understanding of the genetic determinants of 
alcohol consumption in mice and the genetic vulnerability for addiction in humans.  The 
meta-analytic approach described in chapter 2 is evidence of the power that can be 
achieved by combining many carefully designed microarray data sets.  Our understanding 
about the genetic underpinnings of alcoholism is only at the tip of the iceberg.  Each of 
the data sets described in detail here has generated hundreds of candidate genes and many 
hypothesis that can be tested.  Through integration of microarray datasets and other 
bioinformatics resources now and in the future we can isolate candidate genes for high 
alcohol consumption in mice both within each microarray dataset and across microarray 
datasets and design experiments that will increase our understanding of the genetic 
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